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PREFACE 

On  behalf  of  the  Steering  committee  I wish  to  thank  all  of  the  authors  and  presenters  who  have  done  a 
wonderful  job  of  making  this  Symposium  productive  and  enjoyable. 

Fifty-three  abstracts  were  accepted  for  oral  presentations  and  a further  sixteen  submissions  were  accepted 
for  poster  presentations.  The  breakdown  of  the  accepted  abstracts  in  terms  of  broad  technology  areas  is  as 
following: 


Hot  Electron  Bo  lometers  1 7 

SIS  technology  12 

LO  technology  16 

Antennas,  measurements,  etc.  1 8 

Direct  detectors  6 


All  of  the  papers  that  were  submitted  on  time  have  been  included  in  the  proceedings.  Only  a handful  of 
papers  were  not  submitted  and  they  have  been  replaced  with  the  accepted  abstracts. 

I would  like  to  take  this  opportunity  to  thank  people  who  have  helped  in  the  organization  of  this 
symposium.  Pat  McLane  and  her  crew  from  JPL’s  Conference  Administration  Office  have  been 
instrumental  in  doing  all  of  the  hard  work.  Wei  Lien  Dang  and  Eric  Lee  for  their  invaluable  assistance  with 
the  web  and  compilation  of  the  proceedings.  Dr.  Peter  Siegel,  Dr.  Rob  McGrath,  Dr.  Boris  Karasik  , Dr. 
Tom  Crowe  and  members  of  the  steering  committee  helped  with  the  review  of  the  submitted  abstracts. 
Financial  support  from  Dr.  Tim  Krabach  (JPL)  was  also  instrumental  and  is  much  appreciated. 


Imran  Mehdi 
(JPL) 


12th  International  Symposium  on  Space  Terahertz  Technology  Steering  committee: 

Raymond  Blundell,  Harvard  Smithsonian  Center  for  Astrophysics 

Thomas  W.  Crowe,  University  of  Virginia 

Jack  East,  University  of  Michigan 

Rob  McGrath,  Jet  Propulsion  Laboratory 

Gabriel  Rebeiz,  University  of  Michigan 

Robert  M.  Weikle  II,  University  of  Virginia 

Jonas  Zmuidzinas,  California  Institute  of  Technology 


Please  note  the  dates  and  location  for  the  13th  International  Symposium  on 
Space  Terahertz  Technology  to  be  held  in  2002: 

March  26-28u\  2002 

At  the  Harvard  Smithsonian  Center  for  Astrophysics 

Program  Chair:  Dr.  Raymond  Blundell 
rblundell@cfa.harvard.edu 
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1.  SESSION  1:  SIS  MIXERS 

Session  Chair:  Dr.  Karl  Jacobs,  KOSMA 


I.l.  NbTiN  BASED  TUNING  STRUCTURES  FOR  BROADBAND  Nb-  1 

AJ203-Nb  SIS  MIXERS  FROM  640  GHz-  800  GHz 
S.  Glenz,  S.  Haas,  C.E.  Honingh , K.  Jacobs 
KOSMA,  I.  Phys.  Institute,  University  of  Cologne 


1 .2.  WAVEGUIDE  AND  QUASI-OPTICAL  1 THz  SIS  MIXERS  1 1 

INCORPORATING  NbTiN/Si02/AJ  TUNING  CIRCUITS 

B.D.  Jackson , A . M.  Baryshev , G.  de  Lange,  J.R.  Gao 

Space  Research  Organization  of  the  Netherlands 

TV. TV.  Iosad  and  TM.  Klapwijk 

Department  of  Applied  Physics  (DIMES),  Delft  University  of  Technology 
S.  V.  Shitov 

Institute  of  Radio  Engineering  and  Electronics,  Russian  Academy  of  Science 


I. 3.  LOW  NOISE  1.2  THz  SIS  RECEIVER  2 1 

A.  Karpov,  J.  Zmuidzinas,  F.  Rice,  D.  Miller 

Downs  Laboratory  of  Physics,  California  Institute  of  Technology 

J.  A.  Stern,  B.  Bumble,  H.  G.  LeDuc 

Center  for  Space  Microelectronics  Technology,  Jet  Propulsion  Laboratory 


1.4.  DEVELOPMENT  OF  A 48  0-640  GHz  TUNERLESS  SIS  MIXER  FOR  23 

FIRST  HIFI/BAND  1 

M.  Salez\  K Delorme \ L Peron'1,  F.  Dauplay B.  Lecomte\  M.-H.  Chung1'4,  J. 

Spatazza1,  M.  GuiUon  \ K.  Schuster2,  J.-M.  Krieg A.  Deschamps1 
1 DEMIRM,  Observatoire  de  Paris, 

2 IRAM,  Domaine  universitaire  de  Grenoble, 

3 CNRS-INSU,  Division  Technique 

4 Taeduk  Radio  Astronomy  Observatory 


2.  SESSION  2:  HOT  ELECTRON  BOLOMETER  MIXERS  I 

Session  Chair:  Dr.  Boris  Karasik,  Jet  Propulsion  Laboratory 


2.1.  REDUCED  Tc  Nb  SUPERCONDUCTING  HEB  MIXERS  36 

/.  Siddiqi,  D.K  Prober  , B.  Bumble 2,  H.G.  LeDuc 2 

1 Department  of  Applied  Physics,  Yale  University 

2 Center  for  Space  Microelectronics  Technology,  Jet  Propulsion  Laboratory 
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2.2.  THE  RESISTIVE  TRANSITION  OF  AN  ALUMINIUM  HOT  42 

ELECTRON  BOLOMETER  MIXER  WITH  NORMAL  METAL  COOLING 

BANKS 

A.H.  Verbruggen a,  T.M  Klapwijk*,  W,  Belzig*,  J.R.Gao*b 
a Department  of  Applied  Physics  and  DIMES,  Delft  University  of  Technology 
b Space  Research  Organization  Netherlands 


2.3.  FABRICATION  AND  RECEIVER  MEASUREMENTS  OF  A 47 

DIFFUSION-COOLED  HOT-ELECTRON  BOLOMETER  AT  800  GHz 
J.  Stodolka  and  K.  Jacobs 

KOSMA,  I.  Phys.  Institute,  University  of  Cologne 


2.4.  MIXER  PERFORMANCE  DEGRADATION  DUE  TO  CONTACT  55 

RESISTANCE  IN  NbN  PHONON-COOLED  HOT-ELECTRON 

BOLOMETERS 

H.  Merke\  P.  Khosropanah1,  K.  Sigfrid  Yngvesson3,  S.  Cherednichenko\ 

M.  Kroug,  A,  Adam2,  E.  K oil  berg 

‘Department  of  Microelectronics,  Chalmers  University  of  Technology 
2LGEP 

3University  of  Michigan,  Amherst 


3.  SESSION  3:  LO  SOURCES  I 

Session  Chair:  Dr.  Lorene  Samoska,  Jet  Propulsion  Laboratory 


3.1.  BALLISTIC  TUNNELING  TRANSIT  TIME  DEVICES  FOR  THz  62 

POWER  GENERATION 
J.  East  and  G.  Haddad 

Solid  State  Electronics  Laboratory,  University  of  Michigan 


3.2.  MILLIM ETER  WAVE  GENERATION  USING  A UNI-TRAVELING-  73 

CARRIER  PHOTODIODE 

T.  Noguchi,  A.  Veda , H.  Iwashita,  S,  Takano,  Y.  Sekimoto,  M.  Ishiguro, 

T.  Ishibashi\  H.  Ito\  T.  Nagatsumau 
Nobeyama  Radio  Observatory 
t NTT  Photonics  Laboratories 
t+  NTT  Telecommunications  Energy  Laboratories 


3.3.  NANOKLYSTRON:  A MONOLITHIC  TUBE  APPROACH  TO  THz  81 

POWER  GENERATION 

P.H.  Siegel\  A . Fung\  H.  Manohara\  J.  Xu2,  B . Chang 2 

1 Jet  Propulsion  Laboratory 

2 Brown  University 
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3.4.  EMBEDDED  COPLANAR  STRIPS  TRAVELING-WAVE 
PHOTOMIXERS 

R. A.  Wyss,  T.  Lee , J.C.  Pearson 
Jet  Propulsion  Laboratory 

S.  Matsuura*,  G.A.  Blake 

Div.  of  Geological  and  Planetary  Sciences,  California  Institute  of  Technology 
* Institute  of  Space  and  Astro  nautical  Sciences,  Japan 
C.  Kadow**  and  A.C.  Gossard 

Materials  Department,  University  of  California,  Santa  Barbara 
**  Nortel  Networks 


4.  SESSION  4:  MIXERS  AND  DETECTORS 

Session  Chair:  Dr.  Peter  Siegel,  Jet  Propulsion  Laboratory 


4.1.  HgCdTe  PHOTOCONDUCTIVE  MIXERS  FOR  2-8  THz 
A.L.  Betz\  R-  T.  Boreikox , S.  Sivananthan2,  R.  Ashokan 2 

1 Center  for  Astrophysics  & Space  Astronomy,  University  of  Colorado 

2 Microphysics  Laboratory,  University  of  Illinois,  Chicago 


4.2.  VERY  WIDE  IF  BANDWIDTHS  IN  HIGH  MOBILITY  TWO- 
DIMENSIONAL  ELECTRON  GAS  SEMICONDUCTOR 
HETEROSTRUCTURE  MIXERS 
Mark  Lee , Loren  N.  Pfeiffer , Ken  W.  West 
Bell  Laboratories  - Lucent  Technologies 


4.3.  TERAHERTZ  DETECTION  BY  HIGH  ELECTRON  MOBILITY 
TRANSISTOR:  EFFECT  OF  DRAIN  CURRENT 
J.-Q.  Lu  and  MS.  Shur 
Rensselaer  Polytechnic  Institute 


4.4.  KINETIC  INDUCTANCE  PHOTODETECTORS  BASED  ON 
NONEQUILIBRIUM  RESPONSE  IN  SUPERCONDUCTING  THIN-FILM 
STRUCTURES 

A.  Sergeev1,  V.  Mitin  \ LG.  Gogidze 2,  B. S.  Karasik 3 

1 Wayne  State  University 

2 Winncom  Technologies  Corp. 

3 Jet  Propulsion  Laboratory 


4.5.  ADVANCES  IN  COMPOSITES  FOR  THz  RADIO  ASTRONOMY 
Steve  Connell  and  D . A.  Giles 

Composite  Optics,  Inc.  (COI)  San  Diego 
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5.  SESSION  5:  POSTER  SESSION 

Session  Chair:  Dr.  Tom  Crowe,  University  of  Virginia 


5.1.  MULTIPLEXED  READOUT  OF  THERMAL  BOLOMETERS  WITH  122 

SUPERCONDUCTING  TRANSITION  EDGE  THERMOMETERS 

D. J.  Hertford,  C.A.  Allen,  J.A.  Chervenak,  M.M.  Freund,  AS.  Kutyrev, 

S.H.  Moseley , R.A.  Shafer,  J.G . Staguhn 

NASA  - Goddard  Space  Flight  Center 

E. N.  Grossman,  G.C.  Hilton,  K.D . Irwin,  J.M.  Martinis , S.  W.  Nam, 

C.D.  Reintsema 

NIST 

5.2.  NEGATIVE  RESISTANCE  EFFECTS  IN  NbN  HEB  DEVICES  131 

Yan  Zhuang  and  K.  Sigfrid  Yngvesson 

Department  of  Electrical  and  Computer  Engineering,  University  of  Massachusetts  at 
Amherst 


5.3.  DEVELOPMENT  OF  Nb/Au  BILAYER  HEB  MIXER  FOR  SPACE  141 

APPLICATIONS 

P.  Yagoubov,  X Lefoul *,  W.F.M.  Ganzevles*,  J.R.  Gao,  P.A.J.  deKorte, 

T.M . Klapwijk * 

Space  Research  Organization  of  the  Netherlands 

* Department  of  Applied  Physics  and  DIMES  , Delft  University  of  Technology 


5.4.  A 2-DIMENSIONAL  DEVICE  MODEL  FOR  PHONON-COOLED  1 49 

HEB  MIXERS  PREDICTING  IV  CHARACTERISTICS,  CONVERSION 
LOSS  AND  NOISE. 

P.  Khosropanah \ A . Adam,  H.  Merkel1,  S.  Cherednichenko\  S.  Yngvesson2, 

E.  Kollberg] 

1 Chalmers  University  of  Technology 

2 Department  of  Electrical  and  Computer  Engineering,  University  of  Massachusetts, 

Amherst 

3 Laboratoire  de  Genie  Electrique  de  Paris 


5.5.  CHARACTERIZATION  OF  NbN  THIN  FILMS  PRODUCED  ON  1 59 

QUARTZ  SUBSTRATES  USING  MgO  SEED  LAYERS  FOR  PHONON 

COOLED  HOT-ELECTRON  BOLOMETER  DEVICES 

Af.  Fromm berger,  P.  Sabon,  M.  Schicke,  K.F . Schuster 

Institut  de  Radioastronomie  Millimetrique 


5.6.  SUPERCONDUCTING  Nb  DHEB  MIXER  ARRAYS  FOR  FAR-  168 

INFRARED  SPECTROSCOPY 

E.  Gerecht \ C.D.  Reintsema \ E.N.  Grossman1,  A.L.  Betz  , R»T.  Boreiko 2 

1 National  Institute  of  Standards  and  Technology 

2 Center  for  Astrophysics  & Space  Astronomy,  University  of  Colorado 


5.7.  VECTOR  MEASUREMENTS  UP  TO  THE  THz  AN  D BEYOND,  AT  177 

SEVERAL  FREQUENCIES  AT  THE  SAME  TIME 
P.  Goy,  S.  Caro  open,  M.  Gross 
AB  MILLIMETRE 
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5.8.  TIME-DOMAIN  PULSED  THz  NEAR-FIELD  SCANNING 
MICROSCOPE  WITH  - X/50  RESOLUTION 
Oleg  Mitrofanov**,  Mark  Lee\  John  Federict 
Bell  Laboratories  - Lucent  Technologies, 

+ Department  of  Physics,  New  Jersey  Institute  of  Technology 


5.9.  DESIGN  OF  SUBMILLIMETER-WAVE  CAMERA  WITH 
SUPERCONDUCTING  DIRECT  DETECTORS 
S.  Ariyoshi *a,  H.  Matsuo**,  M.  Takeda *c,  T.  Noguchi*c 
“Astronomical  Institute,  Tohoku  University 
b National  Astronomical  Observatory 
c Nobey ama  Radio  Observatory 


5.10.  CHARACTERIZATION  OF  THE  INTEGRATED  LENS  ANTENNA 
AT  TERAHERTZ  FREQUENCIES 
P.  Yagoubov,  JV.-J.  Vreeling,  Piet  de  Korte 
Space  Research  Organization  of  the  Netherlands 


5.11.  DESIGN  OF  A 275-370  GHz  SIS  MIXER  WITH  IMAGE  SIDEBAND 
REJECTION  AND  STABLE  OPERATION. 

A.  Navarrini,  D.  Billon -Pierr  on,  K.  Schuster,  and B.  Lazar eff 
IRAM,  France 


5.12.  DEVELOPMENT  OF  A 600-720  GHz  SIS  MIXER  FOR  THE 
SMART 

SC.  Shi],  C.C.  Chin2,  M.J.  Wang \ W.L.  Shan\  W.  Zhang1,  T.  Noguchi 3 

1 Purple  Mountain  Observatory,  Chinese  Academy  of  Sciences,  China 

2 Institute  of  Astronomy  and  Astrophysics,  Academia  Sinica,  Taiwan 

3 Nobeyama  Radio  Observatory,  NAOJ,  Japan 


5.13.  DEVELOPMENT  OF  A HIGH  EFFICIENCY  600-700  GHz 
BACKWARD  WAVE  OSCILLATORS  FOR  SUBMILLIMETER 
APPLICATIONS 

Jeff  Neil  son,  R.  Lawrence  Ives,  Malcom  Caplan 

Calabazas  Creek  Research,  Inc. 


5.14.  ELECTROMAGNETIC  MODELING  OF  DISTRIBUTED-SOURCE- 
EXCITATION  OF  COPLANAR  WAVEGUIDES:  APPLICATIONS  TO 
TRAVELING-WAVE  PHOTOMIXERS 
D.  Pasqualini *,  A.  Neto,  R.A.  Wyss 
Jet  Propulsion  Laboratory 
* University  of  Siena 


5.15.  TRAVELING-WAVE  MEMBRANE  PHOTOMIXERS 
R.A.  Wyss,  S.C.  Martin,  B.J.  Nakamura,  A.  Neto,  D.  Pasqualini *, 
P.H.  Siegel 

Jet  Propulsion  Laboratory 
* University  of  Siena 
C.  Kadow**  and  A.  C.  Gossard 

Materials  Department,  University  of  California,  Santa  Barbara 
**  Nortel  Networks 
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5.16.  PHOTOMIXER  AS  A SELF-OSCILLATING  MIXER  234 

Shuji  Matsuura 

The  Institute  of  Space  and  Astronautical  Sciences 


6.  SESSION  6:  HOT  ELECTRON  BOLOMETER  MIXERS  H 

Session  Chair:  Prof.  Dan  Prober,  Yale 


6.1.  HEB  QUASIOPTICAL  HETERODYNE  RECEIVER  FOR  244 

TERAHERTZ  FREQUENCIES 

S.  Cherednichenko\  M.  Kroug \ M.  Choumas\  H.  Merkel\  E.  Kollberg\ 

B.  Voronov 2,  G.  GoTtsma  , D.  Loudkov 2,  H.  W.  Huebers 3,  H.  Richter 3 

1 Chalmers  University  of  Technology 

2 Moscow  State  Pedagogical  University 

3 DLR  Institute  of  Space  S ensor  Technology,  Berlin 


6.2.  A LOW-NOISE  NbTiN  HOT  ELECTRON  BOLOMETER  MIXER  253 

C.  Edward  Tong1,  Jeffrey  Stern2,  Krikor  Megerian2 , Henry  LeDuc2, 

T : K.  Sridharan \ Hugh  Gibson  , Ray  Blundell 1 

1 Harvard  Smithsonian  Center  for  Astrophysics 

2 Jet  Propulsion  Laboratory 


6.3.  TERAHERTZ  RECEIVER  WITH  NbN  HEB  DEVICE  (TREND)  - A 262 

LOW  NOISE  RECEIVER  USER  INSTRUMENT  FOR  AST/RO  AT  THE 
SOUTH  POLE 

K.S.  Yngvesson\  C.F.  Musante\  M.  Ji\  F.  Rodriguez\  Y.  Zhuang\  E.  Gerecht2 , 

M.  Coulombe \ J.  Dickinson \ T,  Goyette3,  J.  Waldm  an,  C.  K.  Walker \ A . Stark5 , 

A . Lane5 

1 University  of  Massachusetts  at  Amherst 

2 Department  of  Physics  and  Astronomy,  University  of  Massachusetts  at 

Amherst 

3 Submillimeter-Wave  Technology  Laboratory,  University  of  Massachusetts  at 

Lowell 

4 University  of  Arizona 

5 Smithsonian  Astrophysical  Observatory 


6.4.  LOCAL  OSCILLATOR  POWER  REQUIREMENT  AND  273 

SATURATION  EFFECTS  IN  NbN  HEB  MIXERS 

S.  Cheredn  ichenko,  M.  Kroug , H.  Merkel,  E.  Kollberg 

Department  of  Microwave  Technology,  Chalmers  University  of  Technology 

D.  Loudkov , K.  Smirnov , B.  Voronov , G.  GoVtsman,  E.  Gershenzon 

Department  of  Physics,  Moscow  State  Pedagogical  University 


6.5.  ANTENNA  PATTERN  OF  THE  QUASI-OPTICAL  HOT-  286 

ELECTRON  BOLOMETRIC  MIXER  AT  THz  FREQUENCIES 

H.-W.  Hubers*,  A.D.Semenov a,  H Richter \ J . Schubert , S . Hadjiloucash, 

jmW.  Bowen  , G.N.  GoVtsman,  B.M . Voronov c,  EM.  Gershenzon 

a DLR  Institute  of  Space  Sensor  Technology  and  Planetary  Exploration 

b Department  of  Cybernetics,  University  of  Reading,  UK 

c Physical  Department,  State  Pedagogical  University  of  Moscow 
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7.  SESSION  7:  LO  SOURCES  II 

Session  Chair:  Dr.  Antti  V.  Raisanen,  Helsinki  University  of  Technology 


7.1.  MONOLITHIC  THz  FREQUENCY  MULTIPLIERS 

N.R.  Erickson \ G.  Narayanan1,  R.M.  Grosslein,  S . Martin 2,  P.  Smith2, 1.  Mehdi2, 

M.  Coulomb 3,  G.  De Martinez' 

1 Department  of  Astronomy,  University  of  Massachusetts,  Amherst 

2 Jet  Propulsion  Laboratory 

3 Submillimeter-Wave  Technology  Lab,  University  of  Massachusetts,  Lowell 


7.2.  A 1.2  THz  PLANAR  TRIPLER  USING  GaAs  MEMBRANE  BASED 
CHIPS 

J.  Bruston*,  A.  Maestrini,  D.  Pukala , S.  Martin , B.  Nakamura , I.  Mehdi 
Jet  Propulsion  Laboratory 
* ESA  - ESTEC,  Noordwijk,  NL 


7.3.  DESIGN  AND  PERFORMANCE  OF  A 2.7  THz  WAVEGUIDE 
TRIPLER 

Frank  Maiwald,  S,  Martin , J.  Bruston *,  A.  Maestrini,  T.  Crawford, 

P.  H.  Siegel 

Jet  Propulsion  Laboratory 

* European  Space  Research  and  Technology  Centre  (ESTEC) 


7.4.  A NEW  PILLAR  GEOMETRY  FOR  HETEROSTRUCTURE 
BARRIER  VARACTOR  DIODES 

B.E.J.  Alderman1 , J,  Stake2,  L.  Dillner2,  D.P.  Steenson1,  M,  Ingvarson2,  E.L* 
Kollberg2,  C.M.  Mann 3,  J.M . Chamberlain 1 

1 Institute  of  Microwaves  and  Photonics,  School  of  Electronic  and  Electrical 

Engineering,  University  of  Leeds 

2 Microwave  Electronics  Laboratory,  Chalmers  University  of  Technology 

3 Rutherford  Appleton  Laboratory,  Chilton,  UK 


7.5.  TEMPERATURE  EFFECTS  IN  VARACTORS  AND  MULTIPLIERS 
Jack  East 1 and  L Mehdi2 

1 University  of  Michigan 

2 Jet  Propulsion  Laboratory 


8.  SESSION  8:  SIS  MIXERS  II 

Session  Chair:  Dr.  Anders  Skalare,  Jet  Propulsion  Laboratory 


8.1.  PERFORMANCE  OF  AN  ALL-NbN  QUASI-OPTICAL  SIS  MIXER 
FOR  THE  TERA  HERTZ  BAND 
E Uzawa\  Z.  Wang\  A.  Kawakamf , S.  Miki 2 

1 Kansai  Advanced  Research  Center,  Communications  Research  Laboratory 

2 Kobe  University 
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8.2.  A LOW-NOISE  DOUBLE-DIPOLE  ANTENNA  SIS  MIXER  363 

AT  1 THz 
S.V.  Shitov 

Institute  of  Radio  Engineering  and  Electronics  (IREE),  Russian  Academy  of 
Sciences 

B.D.  Jackson  and  AM,  Baryshev 

Space  Research  Organization  of  the  Netherlands  (SRON) 

N.N.  losad,  J.-R . Gao , T.M.  Klapwijk 

Department  of  Applied  Physics,  Delft  University  of  Technology  (DIMES) 


8.3.  DESIGN  OF  SIDEBAND  SEPARATION  SIS  MIXER  FOR  3 MM  373 

BAND 

V.  Vassilev  and  V.  Belitsky 

Onsala  Space  Observatory,  Chalmers  University  of  Technology 


9.  SESSION  9:  MEASUREMENTS  AND  CHARACTERIZATION 

Session  Chair:  Dr.  C.  Edward  Tong,  Harvard-Smithsonian  Center  for  Astrophysics 


9.1.  REFLECTIVITY  MEASUREMENTS  OF  COMMERCIAL  383 

ABSORBERS  IN  THE  200-600  GHz  RANGE 
Jussi  Saily,  Julia  Mallat,  Antti  V.  Rdisdnen 

MilliLab,  Radio  Laboratory,  Helsinki  University  of  Technology 


9.2.  DEVELOPMENT  OF  A HOLOGRAM  CATR  FOR  SUBMM-  390 

WAVELENGTHS 

J.  Hdkli,  J.  Saily , J.  Ala-La urinaho,  T.  Koskinen , A.  Ldnnqvist,  A . Lehto, 

J.  Tuovinen  * A . K Rdisdnen 

MilliLab,  Radio  Laboratory,  Helsinki  University  of  Technology 
* MilliLab,  VTT  Information  Technology 


9.3.  OPTICAL  CHARACTERIZATION  OF  ABSORBING  COATINGS  400 

FOR  SUB-MILLIMETER  RADIATION 

T.O.  Klaassen\  M. C.  Diez\  C.  Smorenburg2,  K.J.  Wild  e mam , J.H . Blok\ 

G.  Jakob 4 

1  Department  of  Applied  Physics,  Delft  University  of  Technology 
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NbTiN  BASED  TUNING  STRUCTURES  FOR  BROADBAND 
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We  present  measurements  with  a prototype  waveguide  SIS  mixer  for  band  2 
(640  GHz  - 800  GHz)  of  HIFI  (Heterodyne  Instrument  for  FIRST).  The  Nb/Al203/Nb 
junctions  have  an  RnA  product  from  12-18  Qpm2.  These  junctions  are  embedded  in 
microstrip  circuits  tuning  out  the  device  capacitance  using  a NbTiN  ground  layer  and 
various  top  conductor  materials  such  as  NbTiN,  Nb  and  Al.  The  NbTiN  films  are 
fabricated  by  DC  magnetron  sputtering  which  is  optimized  for  a minimum  value  of  the 
DC  resistivity  and  for  a high  critical  temperature  by  varying  the  sputter  pressure,  sputter 
power  and  Ar:N2  flow.  Typical  NbTiN  film  parameters  for  device  fabrication  are 
p = 120  pX2cm  and  Te  = 14.5  K.  The  best  uncorrected  noise  temperatures  we  measured  so 
far  are  for  devices  with  NbTiN/Si02/Nb  tuning.  At  4.2  K bath  temperature,  a standard  Y- 
factor  measurement  yields  uncorrected  receiver  noise  temperatures  of  350  K at  642  GHz 
and  500  K at  810  GHz  for  1.5  GHz  intermediate  frequency.  We  discuss  the  effect  of  the 
various  tuning  circuit  materials  on  the  mixer  performance.  In  addition,  measurements  at 
IF’s  between  4 GHz  and  8 GHz  will  be  presented. 

1.  INTRODUCTION 

Our  aim  is  to  develop  an  SIS  mixer  for  Band  2 of  the  HIFI  instrument  for  the  Herschel 
Space  Observatory  (formerly  known  as  FIRST)  [1].  The  specifications  for  this  instrument 
require  a broadband  and  low  noise  receiver  channel  which  covers  frequencies  from 
640  GHz  to  800  GHz.  State-of-the-art  mixers  implementing  Nb/Al203/Nb  tunnel 
junctions  and  integrated  Nb  tuning  circuits  can  have  quantum  limited  noise  performance 
up  to  the  gap  frequency  A/h  of  niobium  at  about  700  GHz.  Above  this  frequency,  RF  loss 
in  the  niobium  tuning  structure  increases  rapidly,  whereas  the  SIS  tunnel  junction  itself 
can  be  used  as  a mixer  up  to  2A/h. 

Unfortunately,  the  niobium  gap  frequency  splits  band  2 of  HIFI,  so  we  have  to  find  the 
most  suitable  material  or  a combination  of  different  materials  to  obtain  the  most  sensitive 
device  for  the  complete  frequency  range. 

Over  the  last  few  years  efforts  to  find  a superconducting  material  with  a higher  gap  than 
niobium,  compatible  to  the  Nb/Al203/Nb  junction  technology,  led  to  the  use  of  NbTiN 
films  for  tuning  circuits  [2]  as  well  as  for  the  junction  electrodes  [3]. 
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There  are  also  recent  developments  of  SIS  mixers  with  aluminum  [4]  or  a combination  of 
aluminum  and  niobium  [5]  for  the  tuning  circuits  that  resulted  an  improvement  in  the 
mixer  sensitivity  compared  to  a pure  Nb  device. 

In  this  paper  we  present  DC  and  RF  measurements  of  devices  with  NbTiN  for  the  ground 
plane  of  the  microstrip  tuning  circuit,  Si02  for  the  dielectric,  and  either  NbTiN,  Nb,  or  A1 
as  top  conductor  material,  with  integrated  Nb-Al2C>3-Nb  tunnel  junctions. 

2.  NbTiN  FILM  FABRICATION  AND  CHARACTERIZATION 

The  NbTiN  layers  are  fabricated  by  reactive  DC-magnetron  sputtering  of  NbTi  in  an 
Argon/Nitrogen  atmosphere.  The  target  (NbTi  78:22  wt.%,  3”  diameter)  is  mounted  in  a 
AJA  model  330  sputter  source  with  an  integrated  gas  inlet  ring  positioned  in  close 
vicinity  of  the  target.  A modular  magnet  ring  allows  an  unbalanced  magnetic  field 
constellation  to  increase  plasma  heating  of  the  substrate.  The  distance  between  sputter 
source  and  substrate  is  about  8 cm  which  is  the  maximum  for  the  system.  Tests  with 
different  heights  (7  cm,  5.5  cm)  did  not  improve  the  film  properties.  The  sputter  chamber 
is  evacuated  by  a Cryotorr  8 pump  to  a base  pressure  < l-lO'8  mbar.  The  Ar/N2  pressure  is 
regulated  by  throttling  the  gate  valve  to  the  cryopump.  The  substrate  is  thermally  coupled 
to  a copper  pallet  which  is  placed  on  the  water  cooled  substrate  station  to  achieve  stable 
and  reproducible  thermal  conditions  at  moderate  temperatures  during  film  deposition.  To 
determine  the  film  quality,  we  measured  the  normal  state  resistivity  and  the  critical 
temperature  of  NbTiN  films  with  a thickness  of  350  nm.  The  normal  state  resistivity  of 
the  film  above  Tc  (20  K)  is  taken  as  an  indication  of  low  RF  loss,  as  this  loss  is  difficult 
to  determine  directly. 

The  DC  properties  of  the  NbTiN  films  are  measured  in  a dipstick  system  for 
measurements  in  liquid  helium  at  4.2  K,  where  the  sample  temperature  is  controlled  by 
the  dipstick  height  above  the  helium  level.  A temperature  diode  is  integrated  at  the 
sample  mount  in  close  thermal  contact  to  the  sample.  The  samples  are  wire  bonded. 
Using  a four  point  probe  and  lock-in  amplifier  technique,  resistances  down  to  10  m!2  can 
be  measured  accurately.  Both  characteristic  DC  parameters,  the  critical  temperature  and 
the  DC  resistivity  of  the  film  depend  on  the  sputter  conditions  to  varying  degrees.  Figures 
1 a - 1 c show  data  sets  we  measured  when  sampling  the  parameter  space. 

Fig.  la  shows  a maximum  of  Tc  at  an  Ar/N2  ratio  of  91  seem  : 8 seem.  In  this  regime  of 
the  flow  ratio,  the  sputter  conditions  are  very  stable  and  reproducible.  The  critical 
temperature  shows  a strong  increase  when  the  sputter  power  becomes  higher  than  250  W 
and  attains  a maximum  at  325  W (Fig.  lb)  at  these  flows,  as  the  N2  consumption  needed 
for  the  correct  stoichiometry  is  related  to  the  power.  The  resulting  discharge  voltage  is 
around  280  V. 

NbTiN  films  with  a low  DC  resistivity  show  high  compressive  mechanical  stress,  which 
causes  a variety  of  fabrication  difficulties  leading  to  be  a certain  tradeoff  between  film 
stress  and  DC  resistivity.  The  most  decisive  parameter  to  control  the  resistivity  of  the 
NbTiN  films  is  the  sputter  pressure  (Fig.  lc).  The  increase  of  the  resistivity  is  due  to  a 
change  of  the  film  structure  [6], 
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Ar : N2  Flow  Sputter  Power  (W] 

Fig.  la  Tc  versus  Ar/N2  flow  Fig.  lb  Tc  versus  sputter  power 


sputor  Prtssur*  [Ps]  Temperature  [K] 

Fig.  lc  DC  resistivity  versus  sputter  pressure  Fig.  2:  Typical  R-T  curves  of  NbTiN  test  structures 

An  example  for  typical  NbTiN  films  is  given  in  Fig.  2.  It  shows  the  R-T  curves  of  three 
NbTiN  strips  with  different  width.  The  critical  temperature  is  14.8  K with  a sharp 
transition  of  ATC  = 0.3K.  The  DC  resistivity  p = 1 1 3 (iilcm  is  calculated  from  the 
resistance  at  20  K and  the  strip  dimensions.  These  films,  sputtered  at  ~ 0.7  Pa  total 
pressure,  exhibit  a tolerable  stress  which  still  allows  a successful  integration  of  tunnel 
junctions. 

3.  MIXER  DEVICE  FABRICATON 


In  part  5 of  this  paper  we  present  results.  Table  1 gives  an  overview  of  three  fabrication 
runs,  which  are  slightly  different  in  fabrication  and  use  several  different  lithography  mask 
sets.  The  main  differences  are  the  NbTiN  quality,  the  junction  barrier  oxidation 
parameters  and  the  deposition  method  for  the  Si02  dielectric.  The  results  of  these 
fabrication  runs  will  be  presented  in  chapter  5. 

An  initial  stack  of  four  layers  is  deposited  in  situ  by  dc  magnetron  sputtering  on  a 250  pm 
quartz  substrate  (INFRASIL).  It  consists  a 350  nm  NbTiN  ground  plane  followed  by  the 
SIS  trilayer,  composed  of  a 100  nm  Nb  bottom  layer  followed  by  8 nm  A1  for  the  tunnel 
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barrier  and  another  100  nm  Nb  as  top  electrode.  The  oxidation  of  the  barrier  is  performed 
in  the  load-lock  of  the  sputtering  machine  at  a static  oxygen  pressure  of  1.6  Pa  for  7 - 

8 min,  resulting  in  a current  density  of  jc  = 10—13  kA/cm2.  All  four  layers  are  deposited 
into  a bilayer  AZ7212  (Clariant)  photoresist  window  with  a large  undercut  profile.  This 
technique  [7]  permits  a clean  liftoff  process  for  more  than  400  nm  layer  thickness. 

For  the  junction  definition  we  use  standard  300  nm  UV  lithography  with  AZ7212. 
Minimum  junction  areas  of  0.4  - 0.5  pm2  can  be  achieved.  For  smaller  junction  areas 
and/or  more  accurate  control  of  the  junction  area  we  will  have  to  change  this  process  to  e- 
beam  lithography  [8]. 

A mixture  of  6 seem  CCI2F2  +1.2  seem  NF3  is  used  for  anisotropic  reactive  ion  etching 
of  the  100  nm  top  Niobium  for  1:30  at  0.17  W/cm2,  (-105  V)  and  40  pbar  [5],  The  A1203- 
A1  barrier  is  sputter  etched  with  8 seem  Argon  at  10  pbar  and  1.1  W/cm2  (-605  V)  for 

9 min.  To  avoid  excessive  heating  of  the  photoresist  and  the  junction  barrier,  we  etch  in  9 
intervals  of  1 min  with  1 min  cooling  breaks.  The  Nb  bottom  electrode  is  etched  again 
with  CCI2F2  + NF3.  As  a dielectric  layer  for  the  RF  tuning  circuit  and  for  junction 
insulation  we  use  Si02  with  a thickness  of  230  nm,  deposited  either  by  e-beam 
evaporation  or  RF  sputtering  and  defined  in  the  usual  self-aligned  liftoff  procedure.  The 
350  nm  thick  top  wiring  layer  is  DC-magnetron  sputtered  and  defined  by  a subsequent 
liftoff.  We  produced  and  studied  devices  with  either  NbTiN,  Al,  or  Nb  top  wiring  layers, 
with  some  wafers  having  two  different  wiring  material  layers  which  were  sputtered 
sequentially  with  the  other  part  of  the  wafer  covered  by  photoresist.  The  devices  with 
aluminum  top  wiring  are  covered  with  70  nm  Niobium  to  eliminate  the  DC  series 
resistance  and  are  passivated  with  300  nm  Si02  to  protect  the  aluminum  from  chemical 
attack. 


Fig.  3 Sketch  of  the  layer  sequence  of  junction  and  toning  structure  Fig.  4 Microscope  photo  of  a finished  device 

The  fabricated  devices  have  areas  of  0.4  pm2  and  0.6  pm2.  Fig.  4 shows  a top  view  of  a 
finished  device  after  dicing  and  thinning.  The  tuning  circuit  is  an  end  loaded  stub 
followed  by  two  Tchebychev  transformer  sections.  All  tested  devices  are  designed  for 
HEFI  Band  2 (640-800  GHz).  The  design  is  optimized  for  band  flatness  with  an  calculated 
coupling  of  60-70  % over  the  whole  band.  For  the  top  wiring  we  used  NbTiN,  Nb  or  Al. 
Niobium  has  the  advantage  to  be  lossless  up  to  the  gap  A/h  = 700  GHz,  but  above  the  loss 
rises  rapidly  which  complicates  the  flat  band  design.  Aluminum  is  a normal  conductor  at 
4.2  K with  only  a small  variation  in  conductivity  over  the  band.  This  helps  achieving  a 
broad  bandwidth  but  has  a penalty  in  noise  performance  especially  at  the  low  end  of 
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band.  Having  both  wiring  electrodes  made  of  NbTiN  leads  to  DC  and  RF  heating  effects 
[9], 


Table  1:  Differences  in  fabrication  between  the  batches  A.  B and  C 


Batch  # 

Ground  layer 

Ground  plane 
p/Tc 

Oxidation 
time  / pressure 

Dielectric 
Si02  deposition 

A 

350  nm  NbTiN 

134  jrQcm 
14.3  K 

8:00 
1.6  Pa 

Evaporated 
400  W 

B 

280  nm  NbTiN 

125  pQcm 
14.4  K 

8:10 
1.56  Pa 

RF  sputtered 
1 Pa,  300  W 

C 1 

350  nm  NbTiN  | 

100  pQcm 
15.1  K 

7:00 
1.6  Pa 

RF  sputtered 
1 Pa,  300  W 

4.  DC  MEASUREMENTS 

After  the  fabrication  the  current-voltage  characteristics  of  the  devices  were  DC  tested  in  a 
dipstick  system  at  4.2  K which  allows  the  determination  of  the  RNA  product.  The  voltage 
of  the  self  induced  step  resonance  of  the  integrated  tuning  circuit  gives  a first  indication 
about  the  RF  performance  of  the  device. 


Fig.  5:  IV  characteristic  of  a Nb/AI203/Nb  junction  with: 

5a:  NbTiN/SiOj/Nb  tuning  5b:  NbTiN/Si02/NbTiN  tuning 

The  IV-curves  in  Fig.  5a  and  b are  measured  with  a dipstick  at  4.2  K.  Fig.  5a  shows  a 
typical  IV-curve  for  a SIS  mixer  with  a hybrid  NbTiN/Si02/Nb  tuning  circuit  is  shown. 
The  gap  voltage  is  2.77  mV.  The  Rsg(2mV)/RN  ratio  is  determined  from  the  I/V-curves 
with  magnetic  field  in  Fig.  6 (Rsg/RN  = 7.4  for  device  A D30).  A resonant  mode  of  the 
integrated  tuning  circuit  shows  up  as  a current  peak  at  1 .43  mV,  corresponding  to  a 
Josephson  oscillation  frequency  of  694  GHz.  The  device  in  Fig.  5b  employs  a 
NbTiN/SiCb/NbTiN  tuning  circuit  and  shows  backbending  at  the  gap  as  well  as  an 
obvious  gap  voltage  depression  (Vgap  = 2.65  mV).  Both  effects  can  be  explained  by  heat 
trapping  in  the  junction  [9]. 
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Fig.  6 Comparison  between  the  unpumped  IV  curves 
scaled  to  the  nominal  junction  areas  of  different  batches 

The  currents  shown  in  Fig.  6 are  normalized  to  the  nominal  junction  mask  size.  The  self 
induced  resonances  are  suppressed  by  a magnetic  field.  Differences  in  the  current  rise  at 
the  gap  and  the  subgap  current  give  an  indication  about  the  junction  quality.  The  variation 
in  the  gap  current  rise  of  the  devices  is  mainly  due  to  size  variations,  which  can  be  as 
high  as  20-30%  for  device  areas  of  0.5  pm2  fabricated  by  UV  lithography.  The  devices 
from  the  batches  A and  B are  of  similar  quality  and  their  Rsg/RN  ratio  is  7.4  (Device  D30) 
and  10.9  (Device  D32),  respectively.  The  leakage  rate  of  batch  C with  Rsg/RN  = 4.33 
(Device  B23)  is  noticeably  higher  than  for  the  batches  A and  B and  leads  to  a higher 
noise  temperature  of  the  device.  A calculation  using  the  quantum  mixer  theory  [10] 
shows  that  the  increase  in  noise  temperature  can  be  expected  to  be  between  1 50-200  K. 
Table  2 gives  an  overview  of  the  DC  properties  of  the  devices.  RF  measurements  are 
presented  in  the  next  section. 

Table  2:  DC  characteristics  of  devices  from  3 batches 


Batch/device 

Top  wiring 
Material 

Nominal 
junction  area: 

Rn 

Rsg/RN 

A /E17 

Nb 

0.36  pm2 

49  ft 

8.5 

A/D30 

Nb 

0.36  pm2 

54  a 

7.4 

B/D32 

Nb 

0.36  pm2 

44  Q 

10.9 

B/C19 

NbTiN 

0.36  pm2 

59  a 

8.5* 

C/B23 

Al 

0.64  pm2 

29  n 

4.33 

C/B17 

A1 

0.64  pm2 

22  Q 

^4.2 

C/D27 

Nb 

0.64  pm2 

29  Q. 

4.3 

* The  subgap  current  of  device  B C19  is  noticeably  higher  than  for  other  devices 
from  this  batch  with  Nb  top  wiring.  This  is  supposed  to  be  due  to  the  higher 
temperature  of  the  tunnel  junction  embedded  in  the  NbTiN  wiring  which  enhances 
the  subgap  current  and  reduces  the  Rsg/RN  ratio. 
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5.  RF  MEASUREMENTS 

The  receiver  setup  is  described  in  detail  in  [11],  To  verify  the  response  of  the  junction 
over  the  band  we  use  a Fourier  Transform  Spectrometer  to  measure  the  direct  detection  of 
the  device.  The  optical  path  of  the  FTS  beam  is  evacuated. 

The  solid  state  local  oscillators  have  frequency  ranges  from  630-690  GHz  and  780- 
820  GHz.  The  LO  power  and  the  hot  (295  K)  / cold  (77  K)  signal  are  injected  via  a 
36  pm  Mylar  beamsplitter,  a 500  pm  teflon  dewar  window  at  295  K and  a 300  pm  teflon 
IR  filter  at  77  K to  the  antenna  horn  of  the  fixed  tuned  waveguide  (330x90  pm2)  mixer. 
Using  the  standard  Y-factor  method  we  calculate  the  uncorrected  noise  temperature  of  the 
receiver. 

The  IF  output  signal  is  connected  to  a HEMT  amplifier  on  the  4 K stage  and  further 
amplified  with  an  IF  chain  at  295  K by  about  70  dB.  In  our  standard  setup  we  use  a 1- 
2 GHz  HEMT  amplifier  [12]  and  a bandpass  filter  restricting  the  IF  bandwidth  to 
100  MHz  at  1.4  GHz  center  frequency.  No  isolator  or  matching  circuit  is  used.  A second 
HEMT  amplifier  [13]  is  used  for  IF  measurements  from  4-8  GHz.  The  4-8  IF  mixer 
output  signal  is  coupled  to  the  HEMT  amplifier  with  a 4-8  GHz  Pamtech  isolator  between 
mixer  and  amplifier.  Both  amplifiers  have  comparable  noise  temperatures  (Tif  = 4-8  K). 
Fig.  7 shows  the  trend  of  the  measured  receiver  noise  temperatures  as  a function  of  local 
oscillator  frequency  for  devices  from  all  three  batches  and  with  NbTiN,  Nb  or  A1  as  top 
wiring  layer.  All  devices  are  measured  at  4.2  K bath  temperature  with  the  1-2  GHz 
HEMT  amplifier.  For  all  measurements  (except  for  the  device  A El 7)  a corrugated 
feedhom  with  its  center  frequency  at  675  GHz  is  used  For  device  A E17  we  used  a 
Potter-horn  optimized  for  800  GHz. 


Fig.  7:  Overview:  Noise  Temperatures  of  devices  Fig.  8:  FTS  traces  of  three  devices 
with  different  top  wiring  layers 


The  best  uncorrected  noise  temperatures  are  350  K at  642  GHz  for  device  B D32  and 
500  K at  800  GHz  for  device  A El 7.  Both  devices  have  a Nb  top  wiring  layer.  The  noise 
temperature  of  the  one  device  with  a NbTiN  top  layer  is  about  a factor  of  2 higher  than  of 
the  devices  with  A1  and  Nb.  There  are  devices  with  Nb  (A  D30)  as  well  as  with  Al  (C 
B23)  top  wiring  layer  that  show  broadband  response  from  640-800  GHz. 
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This  corresponds  to  the  FTS  measurements  shown  in  Fig.  8.  Both  curves  are  normalized 
to  their  peak  values.  The  FTS  traces  of  the  devices  A D30  with  Nb  top  wiring  and  C B23 
with  A1  top  wiring  show  a broadband  coupling  of  at  least  160  GHz  in  width  but  it  is 
obviously  difficult  to  position  the  band  center  at  exactly  720  GHz.  The  shift  of  the  band  is 
mainly  due  to  variations  in  the  junction  area  but  also  due  to  resistivity  variations  of  the 
NbTiN  ground  layer.  The  bandwidth  of  device  B D32  is  noticeably  smaller.  We  attribute 
this  to  the  insufficient  thickness  of  the  NbTiN  ground  plane,  which  is  close  to  or  less  than 
one  penetration  depth. 
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Fig.  9 Results  at  2.8  K bath  temperature 


Fig.  10  Results  with  different  IF  frequencies 


The  effect  of  decreasing  the  bath  temperature  from  4.2  K to  2.8.  K is  shown  in  Fig.  9 for 
a device  with  Nb  top  wiring  layer.  The  significant  improvement  in  the  noise  temperature 
on  the  upper  band  side  is  due  to  an  increase  of  the  Nb  gap.  The  unexpected  decrease  of 
the  noise  temperature  at  the  lower  band  end  can  be  explained  by  the  strong  variation  of 
the  phase  velocity  in  the  microstrip  caused  by  temperature  dependence  of  the  Nb  top 
electrode  material.  In  the  present  design,  this  seems  results  in  a shift  of  the  lower  band 
edge  to  lower  frequencies. 

The  IF  band  for  the  HIFI  instrument  is  specified  to  be  4-8  GHz.  Fig.  10  shows  a 
comparison  of  the  noise  temperatures  of  device  C D27  measured  with  both  the  1-2  GHz 
HEMT  amplifier  and  the  4-8  GHz  HEMT  amplifier.  The  resulting  receiver  noise 
temperatures  for  both  devices  are  comparable  at  4.2  K.  The  noise  temperature  with  the  4- 
8 GHz  amplifier  is  measured  including  the  full  4 GHz  IF  bandwidth  while  a 100  MHz 
bandpass  filter  with  1.4  GHz  center  frequency  was  used  for  the  1-2  GHz  IF  data. 


6.  SUMMARY 


We  developed  a deposition  process  for  NbTiN  films  by  using  DC  reactive  magnetron 
sputtering.  The  films  are  optimized  for  a low  DC  resistivity  and  a high  critical 
temperature  and  high  reproducibility.  We  have  shown  that  films  with  a resistivity  of 
p = 100-140  ji&cm  and  a critical  temperature  Tc  = 14-15  K can  be  successfully  integrated 
in  a junction  fabrication  process. 
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We  fabricated  and  tested  Nb-Al203-Nb  tunnel  junctions  embedded  in  wiring  structures 
with  a NbTiN  ground  plane,  a Si02  dielectric  and  NbTiN,  Al,  or  Nb  for  the  top  wiring 
layer.  The  quality  of  the  devices  varies  from  is  varying  from  Rsg/RN  = 4.5  to  Rsg/RN  = 9. 
The  devices  are  fabricated  for  the  HIFI  instrument  which  requires  a fractional  bandwidth 
of  22  %.  The  FTS  results  show  that  we  are  able  to  achieve  the  bandwidth  but  it  is  difficult 
to  position  the  band  center,  mostly  due  to  the  large  junction  area  variation  due  to  the 
optical  lithography  of  0.36  pm2  to  0.64  pm2  devices.  This  can  be  improved  by  using 
electron  beam  lithography. 

Based  on  the  heterodyne  noise  measurements  and  FTS  results  there  is  no  clear  preference 
of  a tuning  circuit  top  electrode  material  yet.  This  decision  is  complicated  by  the  fact  that 
the  DC  IV-curves  of  batch  C,  which  is  the  first  batch  with  Al  devices,  have  a higher 
leakage  rate  which  increase  the  measured  noise  temperatures. 
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ABSTRACT 

The  performance  of  1 THz  waveguide  and  quasi-optical  mixers  incorporating 
NbTiN/Si02/Al  tuning  circuits  are  evaluated.  Both  geometries  yield  low  mixer  noise 
temperatures  up  to  1 THz,  with  reduced  sensitivities  at  higher  frequencies.  The  drop  in 
sensitivities  above  1 THz  is  attributed  to  the  non-ideal  structure  of  NbTiN  films  grown  at 
room-temperature,  which  results  in  significant  losses  in  the  NbTiN  ground  plane  above  1 
THz.  The  design  and  performance  of  the  quasi-optical  lens-antenna  is  also  discussed. 

1.  INTRODUCTION 

The  Heterodyne  Instrument  for  the  Far-Infrared  (HIFI)  requires  THz  mixers  with  noise 
temperatures  (TN,mix)  < 3-hv/k  (i.e.  < 140  K at  960  GHz).  Past  work  has  shown  that  Nb- 
based  superconductor-insulator-superconductor  (SIS)  mixers  yield  quantum-limited 
performance  below  680  GHz  [1,2].  Above  700  GHz,  rf  losses  in  Nb  increase  [3,4],  such 
that  A1  wiring  is  preferred  to  Nb  above  800  GHz  [5,6].  Unfortunately,  the  optimum 
sensitivity  of  these  mixers  is  limited  to  200-250  K at  1 THz  (derived  from  [6]  and  [7]). 
Further  improvements  in  THz  mixer  sensitivities  will  require  reduced  tuning  circuit 
losses  (5-9  dB  in  [6,7]).  Although  this  may  be  achieved  in  part  by  the  use  of  high  current- 
density  (high-Jc)  SIS  junctions  [8],  truly  quantum-limited  1 THz  mixers  will  require  low- 
loss  superconducting  wiring  layers  with  Fgap  ~ 1 . 1 THz,  or  more. 

The  recent  demonstrations  of  NbTiN -based  SIS  receivers  with  noise  temperatures  of 
205  K at  798  GHz  [9]  and  315  K at  980  GHz  [10]  confirm  that  the  use  of  NbTiN-based 
tuning  circuits  can  yield  low-noise  mixers  up  to  1 THz.  However,  it  remains  to  be  shown 
that  similar  performance  is  attainable  above  1 THz  - based  on  Tc  NbTiN  = 14.5-1 5.5  K,  and 
the  measured  relationship  between  Fgap  and  Tc  in  NbN  (Fgap  = 3.52-4. 16  kBTc/h  [1 1,12]), 
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it  is  predicted  that  NbTiN  is  low-loss  up  to  1.05-1.35  THz. 

In  this  paper,  the  performance  of  THz  waveguide  and  quasi-optical  mixers 
incorporating  Nb/Al-A10x/Nb  SIS  junctions  and  NbTiN/SiCVAl  tuning  circuits  are 
compared  and  analyzed  in  relation  to  the  measured  low-frequency  electrical  properties  of 
the  NbTiN  films  used  as  a ground  plane.  Additionally,  the  antenna  beam-pattern  of  the 
quasi-optical  lens-antenna  system  is  discussed. 

Note  that  all  receiver  and  mixer  sensitivities  presented  here  are  calculated  using  the 
Callen-Welton  formulation  [13]  for  the  effective  temperatures  of  the  signal  loads  and 
optical  elements.  Also,  TN,mix,  is  defined  as  the  DSB  input  noise  of  the  mixer  unit,  from 
the  input  of  the  beam-forming  element  (waveguide  horn  or  quasi-optical  lens)  to  the  IF 
connector.  It  is  calculated  from  the  receiver  noise  by  subtracting  the  contributions  of  the 
IF  chain  and  receiver  optics. 

2.  MIXER  DESIGN  AND  FABRICATION 

Waveguide  mixers  are  produced  by  integrating  7.5  kA/cm2,  1-p.m2  Nb  SIS  junctions 
with  a 300-nm  NbTiN  ground  plane,  a 250-nm  Si02  dielectric  layer,  and  a 400-nm  A1 
wiring  layer  (see  Fig.  1).  The  NbTiN  ground  plane  has  Tc  « 14.4  K and 
Ci6K~  0.9x1 06  Q'W  [14],  while  the  sputtered  A1  has  04K.  = 2xlO8  Q'W,  and  is 
expected  to  be  in  the  anomalous  limit  [15].  100  nm  of  Nb  is  added  to  the  A1  wiring  for 
chemical  passivation,  and  to  reduce  the  series  resistance  of  the  rf-choke  filter.  For  RF 
measurements,  the  devices  are  mounted  in  a full-height  1 THz  mixer  block  with  a 
diagonal  horn.  The  waveguide  mixer  and  its  fabrication  process  are  described  in  more 
detail  in  [16,17], 
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Figure  1.  (a)  cross-section  of  the  NbTiN/Si02/Al  tuning  circuit  (modified  from  [16]), 

(b)  microscope  image  of  the  waveguide  device  geometry  used  here  (modified  from  [16]),  and 

(c)  microscope  images  of  the  quasi-optical  device  geometry  used  here  (modified  from  [10]), 
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Quasi-optical  mixers  are  produced  by  integrating  twin-slot  antennas  with  a double- 
junction tuning  circuit,  using  the  same  junction  and  layer  geometry  as  in  the  waveguide 
mixer  (note  that  the  100-nm  Nb  layer  is  not  present  on  the  wiring  of  the  quasi-optical 
mixer).  For  RF  measurements,  the  quasi-optical  devices  are  mounted  on  a 10-mm 
elliptical  Si  lens.  The  quasi-optical  mixer  design  is  described  in  more  detail  in  [10,18], 

3.  RF  MEASUREMENT  SETUP 

The  quasi-optical  and  waveguide  receivers  are  described  in  [10]  and  [16],  respectively. 
The  waveguide  receiver  includes  a 1 00-pm  Mylar  window  at  295  K,  a Zitex  G 1 04  heat- 
filter  at  77  K,  and  a high-density  polyethylene  lens  at  4 K,  while  the  quasi-optical  receiver 
includes  a 12-pm  Kapton  window  at  295  K,  and  Zitex  heat-filters  at  77-  and  4-K.  The 
direct-detection  response  of  each  mixer  is  measured  in  an  evacuated  Michelson 
interferometer,  while  heterodyne  sensitivity  is  determined  from  Y-factor  measurements 
with  295-  and  77-K  loads,  BWO  local  oscillators  (LOs)  operating  between  830  nd  1 100 
GHz,  and  Mylar  beamsplitters  of  6-,  14-,  and  49-pm  thickness.  The  IF  output  from  the 
mixer  is  cryo-amplied  before  being  further  amplified  and  bandpass  filtered  at  room 
temperature.  Using  the  unpumped  mixers  as  noise  sources,  the  noise  and  gain  of  the  IF 
chain  are  determined  to  be  4-5  K and  68  dB  in  an  85  MHz  band  at  1 .46  GHz. 

4.  DIRECT-DETECTION  MEASUREMENT  RESULTS  AND  THE  NbTiN  CUT-OFF 

The  fixed-tuned  direct-detection  responses  of  four  waveguide  mixers  and  two  quasi- 
optical  mixers  are  shown  in  Fig.  2 (all  at  4.6  K).  Both  geometries  yield  high  sensitivities 
below  1 THz.  However,  all  4 waveguide  devices,  plus  one  of  the  two  quasi-optical 
mixers,  have  high-frequency  cut-offs  at  ~ 1 THz,  despite  having  significantly  different 
low-frequency  roll-offs.  This  common  cut-off  is  attributed  to  losses  in  the  NbTiN  ground 
plane  at  1 THz  and  above. 

Also  shown  in  Fig.  2b  are  calculations  of  the  predicted  direct  detection  responses  of 
each  quasi-optical  device  for  two  possible  NbTiN  gap  frequencies  - 1080  and  970  GHz. 
In  these  calculations,  the  NbTiN  surface  impedance  is  calculated  using  the  frequency- 
dependent  resistivity  of  a superconductor  in  the  anomalous  limit  [3],  Further  details  of 
these  calculations  can  be  found  in  [10].  Comparing  the  measured  and  predicted  device 
responses,  it  is  seen  that  the  response  of  device  166  can  be  relatively  well  predicted  using 
NbTiN  gap  frequencies  of  either  970  or  1080  GHz,  but  that  the  high-frequency  response 
of  device  162  can  only  be  modeled  using  a low  NbTiN  gap  frequency  (Fgap)  of  970  GHz. 

The  apparent  NbTiN  Fgap  at  970  GHz  is  significantly  lower  than  is  expected  for  NbTiN 
with  Tc  = 14.4  K (1.05-1.25  THz  is  expected).  However,  recent  work  has  shown  that  there 
are  significant  non-homogeneities  in  the  properties  of  NbTiN  films  deposited  at  room 
temperature  [19].  In  particular,  the  Tc  and  resistivity  of  these  films  are  strongly  thickness- 
dependent  (up  to  ~ 300-nm),  and  inductive  measurements  of  Tc  yield  significantly  larger 
transition  widths  (ATC)  than  is  observed  in  resistive  measurements  (signs  of  vertical  and 
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(a)  (b) 

Figure  2 - (a)  Measured  direct-detection  responses  of  four  waveguide  mixers  at  4.6  K (modified 
from  [16]).  The  devices  have  different  junction  sizes  and  separations,  and  different  transformer 
lengths,  (b)  Measured  direct-detection  responses  of  two  quasi-optical  mixers  at  4.6  K (modified 
from  [10]).  The  two  devices  have  different  junction  areas,  but  are  otherwise  identical.  Also  seen 
are  calculated  device  sensitivities  for  NbTiN  gap  frequencies  of  970  and  1080  GHz.  The 
predicted  response  of  device  162  matches  the  measured  curve  for  F^p,^™  = 970  GHz. 

lateral  non-homogeneities,  respectively).  Thus,  it  is  believed  that  the  observed  970  GHz 
tuning  circuit  cut-off  is  due  to  rf  losses  in  the  NbTiN  ground  plane  in  a relatively  small 
number  of  grains  with  particularly  low  values  of  Tc.  Fortunately,  this  argument  also 
implies  that  it  should  be  possible  to  increase  the  cut-off  frequency  by  using  higher-quality 
NbTiN  layers  (with  higher  Tc  and  improved  homogeneity),  such  as  those  deposited  on 
MgO  substrates  or  at  elevated  temperatures  [19,20]. 

5.  HETERODYNE  MEASUREMENT  RESULTS 

The  receiver  noise  temperatures  of  four  waveguide  and  two  quasi-optical  mixers  are 
shown  in  Fig.  3 for  measurements  at  4.6  and  2.8  K.  In  general,  the  measured  heterodyne 
sensitivities  and  RF  band-widths  of  these  devices  agree  reasonably  well  with  the  direct- 
detection  response  curves  seen  in  Fig.  2. 

Using  the  waveguide  mixers  at  4.6  K,  a minimum  TNirec  of  425  K is  obtained  with 
device  c07  at  895  GHz  (with  a 6 pm  beamsplitter),  while  optimum  sensitivity  near  1 THz 
is  obtained  at  2.8  K with  c37  and  a 14  pm  beamsplitter  (TRrec  = 565  K and  Grec  = -12.9 
dB  at  970  GHz).  The  20  % improvement  in  the  response  of  waveguide  mixer  cl3  upon 
cooling  from  4.6  to  2.8  K is  typical  for  these  mixer  geometries  (both  waveguide  and 
quasi-optical).  Also,  the  sharp  dip  in  the  sensitivities  of  waveguide  mixers  cl  3 and  c37  at 
980-990  GHz  is  due  to  water  vapour  absorption. 

Quasi-optical  mixer  166  yields  significantly  higher  receiver  sensitivities  than  the 
waveguide  mixers,  with  an  optimum  TN,rec  of  253  K obtained  at  850  GHz  and  2.8  K.  The 
noise  of  this  receiver  rises  slowly  approaching  1 THz  (315  K at  980  GHz),  with  a sharp 
rise  in  T\,rec  at  1 THz  (to  405  K at  1015  GHz).  Mixer  162  is  significantly  less  sensitive 
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(a)  (b) 

Figure  3 - (a)  Measured  TN-rec  for  4 waveguide  devices  measured  at  4.6  K (c07,  cl3,  and  c71)  and 
2.8  K (cl3  and  c37).  cl3,  c37,  and  c71  are  measured  with  a 14-pm  beamsplitter,  while  c07  is 
measured  with  a 6-pm  beamsplitter  (modified  from  [16]).  (b)  TN-rcc  of  2 quasi-optical  mixers 
measured  at  2.8  K with  6-,  14-,  and  49-pm  beamsplitters  (modified  from  [10]). 

than  device  166,  but  it  does  demonstrate  reasonable  performance  up  to  much  higher 
frequencies  (TN,rec  ~ 2200  K at  1120  GHz). 

6.  RECEIVER  SENSITIVITY  ANALYSIS 

Focusing  on  the  devices  with  the  highest  THz  sensitivities  (waveguide  device  c37  at 
970  GHz  and  quasi-optical  device  166  at  980  GHz,  both  at  2.8  K),  the  measured  receiver 
sensitivities  are  analyzed  to  estimate  the  rf  loss  in  the  NbTiN  ground  plane,  and  to 
compare  the  sensitivities  of  the  two  mixer  geometries.  The  details  of  these  calculations 
are  contained  in  [10]  and  [16],  with  the  results  summarized  here  in  Table  I. 

From  this  analysis,  it  is  seen  that  the  loss  in  the  NbTiN  ground  plane  is  relatively  low 
up  to  970  GHz  (<  0.6  dB),  in  both  mixer  geometries.  Additionally,  the  significantly 
higher  receiver  sensitivity  obtained  with  the  quasi-optical  mixer  is  found  to  be 


Table  I 

Receiver  noise  breakdown  and  corrected  mixer  unit  sensitivities  of 
waveguide  device  c37  [16]  and  quasi-optical  mixer  166  [10] 


Device 

Tn.tcc 

Grcc 

TN.opt 

Gont 

Gjuckcr 

G tuning 

GA1 

GNbTiN 

DHl 

■§m 

WG  c37 

563 

146 

-7.2 

-3.2 

-2.5-3 

- 0. 2-0.7 

182 

(970  GHz,  2.8  K) 

- 12.9 

-2.5 

- 10.4 

QO  166 

315 

35 

-7.2 

-2.7 

-2.3 

-0-0.4 

171 

(980  GHz,  2.8  K) 

- 11.1 

- 1.2 

- 9.9 

All  gains  are  in  dB,  while  noise  temperatures  are  Callen-Welton  values,  and  are  given  in  K. 
Gjucker  is  the  DSB  conversion  gain  of  the  SIS  junctions,  and  -Gtun,„e  is  the  estimated  tuning  circuit 
loss,  which  is  divided  into  -GA|,  the  loss  in  the  Al,  and  -GNbTiN,  the  loss  in  the  NbTiN. 

TN.mii  and  (imlx  are  the  effective  input  noise  temperatures  and  DSB  gains  of  the  mixer  units. 
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attributable  to  the  lower  optical  losses  in  the  quasi-optical  receiver  - the  effective 
sensitivities  of  the  two  mixer  geometries  are  similar  (TN,n,ix  = 170-180  K).  Furthermore, 
although  additional  work  is  needed  to  further  improve  mixer  sensitivities  (especially 
above  1 THz),  it  is  noted  that  these  values  of  TN,mjx  are  already  within  ~ 30  % of  the  HIFI 
goal  at  these  frequencies. 

Although  the  peak  sensitivities  of  the  two  mixer  geometries  are  similar,  it  is  important 
to  note  that  the  quasi-optical  mixers  have  significantly  larger  RF  band-widths  than  the 
waveguide  mixers.  In  particular,  quasi-optical  mixer  166  yields  high  sensitivity  over  most 
of  HIFI  mixer  band  3 (800-960  GHz),  while  the  waveguide  mixers  typically  have  3-dB 
band-widths  of  100-150  GHz,  which  is  much  too  narrow  for  use  in  HIFI.  The  narrow 
band-widths  obtained  with  the  waveguide  mixers  is  the  result  of  them  having  a less- 
mature  RF  design  relative  to  that  of  the  quasi-optical  mixer  (the  combined  design  of  the 
waveguide,  waveguide  probe,  RF  choke  filters  and  NbTiN/Si02/Al  tuning  circuit  has  not 
been  optimized  yet).  An  optimized  design,  incorporating  a reduced-height  waveguide  [2 1 ] 
should  yield  much  larger  RF  band-widths  than  those  observed  here. 

7 . QUASI-OPTICAL  MIXER  BEAM-PATTERN  MEASUREMENT  SET-UP 

The  far-field  antenna  beam-pattern  of  the  quasi-optical  mixers  is  measured  in  direct- 
detection  using  a 2-D  rotational  setup  [18].  In  this  measurement,  a chopped  local 
oscillator  is  used  to  pump  the  mixer  while  the  mixer  is  rotated  around  its  waist.  The 
junction  is  biased  at  ~ 2.4  mV  (just  below  its  gap)  and  the  detected  signal  (current)  is 
measured  with  a lock-in  amplifier.  The  signal-to-noise  ratio  at  the  peak  of  the  co-polar 
beam  pattern  is  at  least  30-dB  in  this  setup  (limited  by  the  dynamic  range  of  the  lock-in). 

Co-  and  cross-polar  beam  patterns  are  obtained  using  two  polarizing  grids  located  near 
the  output  of  the  local  oscillator.  (Two  grids  are  used  to  ensure  that  the  incident  power  is 
equal  in  the  co-  and  cross-polar  measurements.) 

Note  that  the  LO  is  placed  50-100  cm  from  the  mixer  to  ensure  that  the  LO  beam  at  the 
input  to  the  mixer  is  large  relative  to  offsets  in  the  mixer’s  beam  waist  that  may  occur  if 
the  center-of-rotation  is  slightly  misaligned  relative  to  the  beam  waist  location.  The 
spreading  of  the  LO  beam  also  ensures  that  the  power  incident  on  the  mixer  is  low 
enough  to  maintain  the  linearity  of  the  photon-assisted  tunneling  response  of  the  device. 

Differences  between  the  direct-detection  and  heterodyne  beam-patterns  of  this  mixer 
have  not  been  quantified  at  this  time. 

8.  MEASURED  AND  CALCULATED  ANTENNA  BEAM-PATTERNS 

2-dimensional  co-  and  cross-polar  beam  patterns  of  the  quasi-optical  mixer  (at 
940  GHz)  are  presented  in  Fig.  4a  and  4b,  while  1 -dimensional  E-  and  H-plane  cuts  of  the 
co-polar  pattern  (at  920  GHz)  are  presented  in  Fig.  4c  and  4d.  Fig.  4c  and  4d  also  include 
theoretical  antenna  beam  patterns  calculated  using  [22]  for  two  cases:  (1)  the  antenna  is 
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Figure  4 - Antenna  beam  patterns  of  a 950  GHz  twin-slot  antenna  mounted  on  a 10-mm 
elliptical  Si  lens,  (a)  measured  2-D  co-polar  pattern  at  940  GHz,  (b)  measured  cross-polar  pattern 
at  940  GHz,  (c)  overlay  of  measured  and  calculated  [22]  E-plane  cuts  of  the  co-polar  pattern  in  at 
920  GHz,  and  (d)  measured  and  calculated  [22]  H-plane  cuts  of  the  co-polar  pattern  at  920  GHz.. 


perfectly  aligned  to  the  back  focus  of  the  lens;  and  (2)  the  antenna  is  offset  20  pm  along 
the  length  of  the  antenna  slots  and  40  pm  behind  the  back  focus  of  the  lens. 

Examining  the  1 -dimensional  beam  patterns  in  Fig.  4c  and  4d,  it  is  seen  that  the 
measured  beam-widths  are  relatively  well  predicted  by  theory,  with  a slight  improvement 
in  the  agreement  if  the  antenna  is  assumed  to  be  offset  from  the  focus  of  the  lens.  Similar 
comparisons  have  been  performed  at  815,  860,  and  1025  GHz,  yielding  similar  agreement 
between  measurement  and  theory,  as  summarized  in  Table  II.  These  calculations  are  also 
found  to  relatively  accurately  predict  the  side-lobe  levels  in  the  co-polar  beam-patterns  - 
the  measured  side-lobes  are  ~ 15-18  dB  below  the  main  peak,  and  the  predictions 
typically  agree  with  the  measurements  to  within  2-3  dB.  Note  that  the  asymmetry  in  the 
measured  H-plane  beam-pattern  (Fig.  4d)  may  be  due  to  a slight  offset  of  the  antenna  with 
respect  to  the  focus  of  the  lens. 

The  cross-polar  beam  pattern  measured  at  940  GHz  (Fig.  4b)  is  similar  to  those 
obtained  at  812  and  1020  GHz,  with  four  peaks  located  symmetrically  around  the  co- 
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TABLE  II 

Measured  and  calculated  [22]  far-field  E-  and  H-plane  -10  dB  beam-widths  of 
a 950  GHz  twin-slot  antenna  with  a 10-mm  Si  elliptical  lens 


Frequency  (GHz) 

OE.mcas 

OE.calc  I 

Oe.mIc  2 

eas 

^H.calc  l 

Oh.caIc  2 

812 

3.95 

3.8 

3.9 

4.12 

3.9 

4.0 

860 

3.85 

3.6 

3.6 

3.98 

3.6 

3.8 

920 

3.4 

3.5 

3.5 

3.7 

3.5 

3.6 

1025 

3.25 

3.3 

3.3 

3.65 

3.1 

3.4 

All  beam-widths  are  the  far-field  angle  in  degrees. 


polar  main  beam  (~  22-23  dB  below  the  co-polar  peak).  This  general  shape  is  in  good 
agreement  with  calculations  [22],  although  the  peaks  are  2-3  dB  higher  than  expected. 
Note  that  the  quality  of  the  polarizing  grids  used  is  demonstrated  by  the  27-30  dB 
suppression  of  the  co-polar  main  lobe  in  the  cross-polar  beam  pattern. 

9.  QUASI-OPTICAL  LENS  DESIGN  FOR  HIFI 

Quasi-optical  mixers  typically  incorporate  either  the  elliptical  lens  used  in  this  work, 
or  a hyper-hemispherical  lens.  Unfortunately,  these  two  lens  designs  produce  antenna 
beam-patterns  with  relatively  extreme  far-field  divergence  angles  - the  hyper-hemisphere 
produces  a highly  divergent  beam  (0-io  da  ~ 25°),  while  the  ellipse  produces  a highly 
collimated  beam  (0_io  dB  ~ 1 10-k/D  - 3.5°  for  a 10-mm  lens  at  920  GHz).  The  extreme 
nature  of  these  beam  divergences  can  complicate  the  integration  of  a quasi-optical  mixer 
into  a complex  optical  system.  For  example,  the  design  of  the  HIFI  focal  plane  system 
would  be  simplified  by  the  use  of  quasi-optical  mixers  with  a relatively  moderate  beam 
divergence  angle.  This  would  allow  the  beam-shaping  optics  in  front  of  a quasi-optical 
mixer  to  be  similar  to  those  used  for  a waveguide  mixer  with  a corrugated  horn  (the  horns 
in  HIFI  will  produce  a beam  divergence  angle  of  0-iodB  ~ 18°). 

It  is  possible  to  reduce  the  far-field  divergence  angle  of  the  beam  produced  by  a hyper- 
hemispherical  lens  by  increasing  the  lens  extension  length  [23],  forming  an  extended- 
hemispherical  lens.  However,  this  method  introduces  large  phase  errors  to  off-axis  rays, 
yielding  an  aberrated  beam-pattern.  For  this  reason,  it  would  be  preferable  to  modify  both 
the  surface  shape  and  the  extension  length  to  obtain  a design  that  produces  the  desired 
beam  divergence  angle,  while  also  minimizing  optical  aberrations.  The  detailed  design  of 
this  lens  is  currently  in  progress. 

10.  CONCLUSIONS 

Waveguide  SIS  mixers  incorporating  Nb  tunnel  junctions  and  NbTiN/Si02/Al  tuning 
circuits  TN>rec  = 565  K at  970  GHz.  Using  improved  receiver  optics,  quasi-optical  mixers 
with  a similar  tuning  circuit  yield  TN,rec  = 315  K at  980  GHz.  Analyzing  the  noise  and 
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gain  of  these  receivers,  it  is  shown  that  the  intrinsic  sensitivities  of  these  mixers  are 
similar  near  1 THz  (TN,mix  ~ 170-180  K at  970-980  GHz),  and  that  the  loss  in  the  NbTiN 
ground  plane  is  relatively  low  (<  0.6  dB)  up  to  980  GHz.  Receiver  sensitivities  are  seen  to 
drop  above  1 THz,  due  to  increasing  loss  in  the  NbTiN  ground  plane  due  to  rf  absorption 
in  a relatively  small  concentration  of  NbTiN  grains  with  Tc’s  that  are  significantly  lower 
than  that  measured  for  a relatively  large  300-nm  thick  film. 

Measured  antenna  beam-patterns  for  a quasi-optical  mixer  with  a twin-slot  antenna 
mounted  on  a 10-mm  elliptical  Si  lens  are  shown  to  be  in  relatively  good  agreement  with 
theoretical  predictions.  The  ongoing  optimization  of  the  quasi-optical  lens-antenna  for 
integration  into  the  HIFI  optical  system  is  also  discussed. 
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Abstract  — We  present  the  development  of  a low  noise  SIS 
mixer  for  the  1.1-1.25  THz  heterodyne  receiver  of  FIRST  space 
radiotelescope.  The  quasi-optical  SIS  mixer  has  two 
NbTiN/AlN/Nb  junctions  with  critical  current  density 
30  kA/cm2.  The  individual  junction  area  is  close  to  0.65  pm2.  The 
SIS  junctions  are  coupled  to  the  optical  input  beam  through  a 
planar  double  slot  antenna  and  a Si  hyperhemispherical  lens. 
The  minimum  DSB  receiver  noise  temperature  is  650  K,  about 
12  hv/k. 

I.  Introduction 

In  the  last  decade,  SIS  receivers  using  Nb/AlOx/Nb 
junctions  and  superconducting  Nb  circuits  have  become  the 
best  practical  solution  for  the  ground-based  radio  astronomy 
at  mm  and  submm  wavelengths  [1].  The  minimum  submm 
SIS  receiver  noise  is  only  three  times  above  the  quantum 
limit  [2].  This  type  of  ultra  low  noise  receiver  is  needed  to 
cover  the  upper  part  of  the  atmosphere  transparency  band 
accessible  to  ground-based  radio  astronomy  facilities.  The 
upper  frequency  limit  of  these  SIS  receivers  is  determined  by 
the  gap  frequency  of  Nb  (fgapK).65-0.7  THz)  due  to  the  loss 
in  the  Nb  circuit.  Another  frequency  limit  at  about  1.7  fgap 
=1.0  THz-1.1  THz  is  due  to  the  cancellation  of  the  quantum 
assisted  tunneling  when  approaching  2fgap. 

SIS  mixers  at  frequencies  over  1 THz  are  needed  for 
sensitive  receivers  for  airborne  and  space  observatories.  This 
motivates  research  on  alternative  materials  for  low  loss  THz 
circuits  as  well  as  new  types  of  SIS  junctions  having  a higher 
gap  frequency. 

Recent  progress  in  thin  film  NbTiN  technology  [3]  has 
given  the  possibility  to  create  low  loss  circuits  above  0.6- 
0.7  THz  and  to  improve  the  performance  of  the  SIS  mixers 
with  Nb/AlOx/Nb  junctions  up  to  1 THz  [4,  5].  Another 
approach,  using  a low  loss  normal  metal  circuit  to  build  a low 
noise  1.05  THz  SIS  mixer,  has  been  demonstrated  in  [6,  7]. 

The  introduction  of  the  NbTiN/AIN/Nb  SIS  junctions 
along  with  NbTiN  circuits  allows  a substantial  improvement 
of  the  SIS  mixer  operation  up  to  900  GHz,  with  the  minimum 
noise  within  a factor  of  ten  of  the  quantum  limit  [8].  The  gap 
voltage  of  the  existing  NbTiN/Nb/AlN/NbTiN  junction  is 
about  3.4  mV,  potentially  allowing  the  extension  of  SIS 
mixer  operation  above  1 .4  THz. 

The  goal  of  our  work  is  to  extend  the  low  noise 
performance  of  the  SIS  receivers  into  the  THz  band  using  the 
NbTiN  technology.  Our  approach  to  build  a low  noise  1.1- 
1.25  THz  SIS  mixer  is  to  use  a NbTiN/AIN/Nb  tunnel 
junction  with  a high  critical  current  density  and  a low  loss 
circuit  made  of  normal  metal  and  superconducting  thin  films 
in  a quasi-optical  mixer  design. 
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Fig.  I . Current-Voltage  characteristic  of  the  NbTiN/AIN/Nb 
junction  with  (thinner  line)  and  without  radiation  at  1130  GHz. 
Critical  Josephson  current  density  is  about  30  KA/cm2. 

II.  SIS  JUNCTION 

We  use  NbTiN/AIN/Nb  SIS  junctions  with  critical 
Josephson  current  densities  around  30  KA/cm2.  A current- 
voltage  characteristic  (CVC)  of  a two-junction  array  with  a 
total  area  of  1 .3  pm2  is  presented  in  Fig.  1 . This  junction  has  a 
sub-gap  to  normal  state  resistance  ratio  of  about  Rsg/Rn=12. 

A sharp  quantum  step  appears  when  radiation  at  1130 
GHz  is  applied  (dotted  line).  The  quantum  step  width  is 
reduced  from  hv/e=4.8  mV  to  hv/e4A/e=2  mV,  due  to  the 
mutual  cancellation  of  the  two  quantum  steps,  at  the  positive 
and  the  negatives  branches  of  CVC.  We  see  only  some  minor 
traces  of  the  hot  electron  effect  in  this  device,  appearing  like 
a heating  effect  in  a CVC  of  a pumped  SIS  junction. 

III.  SIS  Mixer 

We  are  using  a quasi-optical  SIS  mixer  design,  similar  to 
one  described  in  [6].  The  SIS  junction  with  a double  slot 
planar  antenna  is  mounted  at  the  Silicon  hyperhemispherical 
lens.  A polyethylene  lens  is  used  to  collimate  a broad 
(f/d=2.5)  beam  coming  out  of  the  hyperhemispherical  lens 
into  a beam  with  f/d  of  about  15  (Fig.  2).  The  SUPERMIX 
program  [9]  was  used  for  the  circuit  design  and  optimization. 
We  expect  about  1 dB  loss  in  the  mixer  circuit  in  the  1.1  THz 
- 1.25  THz  range  when  using  a NbTiN  ground  plane,  A1 
wiring  layer  and  SiO  insulating  layer,  and  around  1.5  dB  loss 
when  using  a full  normal  metal  circuit. 
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Fig.  2.  The  measured  beam  pattern  of  the  SIS  receiver  at  1.13  THz.  The  H 
plane  data  are  shown  with  dots,  and  the  E plane  data  with  diamonds.  The 
Gaussian  fits  to  the  E and  H plane  data  are  nearly  identical  (solid  lines)  with 
the  fid  ratio  about  1 5 at  - 1 0 dB  level. 

IV.  Test  SIS  receiver 

The  SIS  receiver  is  mounted  in  an  Infrared  Laboratory 
HL-3  cryostat.  The  vacuum  window  is  in  Mylar  1 2 [im  thick. 
The  infrared  filter  at  the  77  K stage  of  the  cryostat  is  of  Zitex. 
The  local  oscillator  power  is  coupled  to  the  mixer  beam  using 
a polarizing  grid  rotated  at  45°  as  a 3 dB  coupler. 

The  intermediate  frequency  range  is  1 GHz  - 2 GHz  and 
the  IF  amplifier  noise  is  about  10  K. 

V.  Experiment 

The  receiver  beam  pattern  has  been  measured  using  the 
heterodyne  detection  of  a hot  black  body  (a  heater)  of  a small 
size.  The  signal  was  modulated  with  a chopper  and  detected 
with  a lock-in  amplifier.  The  E and  H plane  measured  data 
are  presented  in  Fig.  2 with  diamonds  and  dots,  respectively. 
The  measured  beam  is  symmetrical.  The  Gaussian  fits  to  the 
E and  H data  are  identical  within  the  precision  of  this 
measurement  (solid  lines  in  Fig. 2).  At  the  -10  dB  level  the 
beam  f/d  ratio  is  about  15. 

The  receiver  sensitivity  test  at  1130  GHz  is  presented  in 
Fig.  3.  Here  the  solid  lines  present  the  receiver  output  IF 
power  as  a function  of  the  SIS  junction  bias.  From  upper  to 
lower,  the  curves  are  the  measured  data  with  the  hot  load,  the 
cold  load,  and  without  local  oscillator  power.  For  the  hot  load 
experiment,  the  receiver  is  looking  at  a black  body  at  296  K 
ambient  temperature.  For  the  cold  load  experiment,  we  are 
using  a liquid  nitrogen  cooled  black  body  coupled  to  the 
receiver  beam  with  a 3 dB  coupler  (polarizing  grid  rotated  at 
45°).  The  effective  temperature  of  the  cold  load  is  expected  to 
be  1 86  K.  The  receiver  Y factor  is  1.13  and  the  DSB  noise 
temperature  is  650  K.  The  receiver  conversion  gain  is  -13  dB. 

The  receiver  noise  may  be  improved  using  an  IF 
amplifier  with  a lower  noise  temperature,  and  with  a further 
optimization  of  the  mixer  circuit  loss. 


Bias  voltage  (mV) 

Fig.  3.  SIS  receiver  Y factor  measurement  at  1.13  THz.  The  solid  lines  from 
upper  to  lower  present  the  power  at  the  receiver  IF  output:  data  with  a hot 
load,  with  a cold  load  and  data  without  local  oscillator  power.  The  dotted 
lines  are  the  CVC  with  and  without  LO  power.  The  receiver  noise 
temperature  is  about  650  K.  The  cold  load  consists  of  the  liquid  nitrogen 
cooled  load  coupled  via  a 3 dB  coupler.  The  hot  load  effective  temperature  is 
296  K and  the  cold  load  is  expected  to  be  1 86  K. 

VI.  Conclusion 

We  developed  a SIS  receiver  for  the  1.1-1.25  THz  range  At 
1.13  THz  frequency  the  receiver  double  sideband  noise 
temperature  is  about  650  K.  The  receiver  is  using  a quasi- 
optical  mixer  design  with  a Si  hyperhemispherical  lens  and 
twin  NbTiN/AlN/Nb  SIS  junctions  with  a critical  current 
density  of  30  KA/cm2. 
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ABSTRACT 

This  paper  describes  the  current  work  at  DEMIRM  and  IRAM  to  meet  the  bandwidth- 
sensitivity  specifications  of  the  HIFI  Band  1 instrument  (480  - 640  GHz).  A specific  design 
philosophy  was  implemented  to  optimize  this  Nb-based  SIS  mixer.  We  came  to  design  a new 
tunerless  mixer  mount,  simplified  in  terms  of  fabrication  and  optmized  for  a 30%  bandwidth. 
It  incorporates  a high-efficiency  electromagnet  which  can  provide  several  flux  quanta  to  the 
junction  with  less  than  10  mA.  A novel  high  current  density  junction  fabrication  process  was 
set  up  at  IRAM  for  this  project,  using  negative  resist  e-beam  lithography.  Preliminary  results 
based  on  Fourier  Transform  Spectroscopy  measurements  and  heterodyne  calibrations  are 
presented  and  discussed.  So  far,  mixer  noise  values  (corrected  for  the  optics)  of  respectively 
65  K and  140  K were  measured  with  a first  batch  of  junctions  with  a current  density  of  10 
kA/cm2.  More  recently,  with  a new  batch  of  higher  current  density  junctions,  receiver  noise 
values  (double  sideband,  uncorrected)  of  130  K were  measured  at  some  frequencies. 

1.  INTRODUCTION 

Both  a very  large  bandwidth  (about  30  %)  and  a high  sensitivity  (3  times  the  quantum  limit  or 
less)  is  required  from  the  Band  1 (480-640  GHz)  mixer  unit  of  HIFI,  the  heterodyne 
instrument  aboard  ESA’s  cornerstone  Herschel  Space  Observatory  (formerly  FIRST)  satellite, 
scheduled  for  launch  in  2007  [1].  HIFI  comprises  several  SIS  and  HEB  mixers  covering  a 
wide  range  of  frequencies  through  several  adjacent  bands.  Band  1 will  consist  of  two  identical 
tunerless  waveguide  mixers,  with  corrugated  feedhoms,  respectively  sensitive  to  both 
perpendicular  polarizations.  The  intermediate  frequency  must  cover  a 4 to  8 GHz  bandwidth 
with  a very  low  level  of  ripple  (3  dB).  The  State  of  the  Art  (resp.  Goal)  performance  for  Band 
1 is  a linear  interpolation  between  80  K (resp.  70  K)  DSB  at  480  GHz  and  130  K (resp.  110 
K)  DSB  at  640  GHz.  However,  achieving  a bandwidth  of  30%  with  an  SIS  mixer  is  a 
challenge,  and  the  so-called  SOAP  truly  remains,  to  this  day,  a goal  yet  to  be  achieved.  In 
addition,  the  SIS  mixers  of  HIFI  must  be  space  qualified,  and  must  satisfy  a number  of 
constraints,  in  terms  of  mass,  volume,  power  dissipation,  EM  shielding,  which  impact  on  their 
design. 


2.  TUNERLESS  WAVEGUIDE  MOUNT 

Since  we  aim  at  a large  bandwidth  mixer,  it  is  essential  that  input  and  output  impedances  of 
every  component  of  the  mixer  be  well  defined.  In  particular,  the  embedding  impedance  of  the 
waveguide  mount  at  the  location  of  the  substrate  must  be  well  known  (and  possibly  tuned) 
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over  the  480  - 640  GHz,  since  it  must  be  matched  to  the  SIS  device  by  means  of  an  integrated 
microstrip  circuit.  Obviously,  the  job  of  conjugate-matching  several  mixer  passive 
components  would  be  nicer  if  all  the  impedances  stayed  constant  within  the  frequency  range 
of  interest,  with  as  little  reactive  part  as  possible.  From  this  standpoint,  resonant  elements 
such  as  integrated  tuning  stubs  and  waveguide  backshorts  should  be  used  scarcely,  and 
probably  the  best  ‘tunerless’  mixer  is  one  with  no  such  tuner  at  all. 

Therefore  we  have  left  aside  some  commonly  made  assumptions  on  waveguide  mixer 
embedding  impedances  and  best  tunerless  waveguide  mount  geometries  — demonstrated  by 
excellent  results  in  several  groups  [2,3],  to  carry  out  extensive  EM  simulations  of  a 
waveguide  mixer  varying  many  of  its  parameters,  including  the  shape  of  the  bow-tie  antenna 
and  the  first  sections  of  RF  choke  filter  [4].  This  was  done  using  a 3D  software  package  [5] 
allowing  to  explore,  in  particular,  the  influence  of  the  quartz  substrate  inserted  across  a 
reduced-height  rectangular  waveguide,  and  the  effect  of  positioning  errors  and  mechanical 
tolerances.  We  found  the  substrate  orientation  to  have  a major  * influence,  and  we  could 
optimize  the  geometry  in  order  to  provide  a nearly  frequency-independent  and  imaginary-part 
free  impedance,  close  to  70  Q,  to  the  bow  tie  center  where  the  SIS  circuit  is  located.  Figure  1 
shows  the  calculated  evolution  of  this  impedance  with  backshort  location.  It  is  important  to 
note  that  our  simulations  have  also  confirmed  some  earlier  results  published  by  other  groups, 
while  this  optimum  embedding  impedance  corresponds  to  a particular  substrate  orientation 
and  backshort  location.  The  50  pm-thick  quartz  substrate  has  to  be  mounted  with  the 
metallization  looking  away  from  the  input  waveguide,  and  facing  the  backshort  another  50 
pm  above  it,  flush  with  the  top  of  the  substrate  channel.  This  makes  the  fabrication  of 
tunerless  waveguide  mixers  much  easier,  since  no  micromachining  of  a backshort-terminated 
waveguide  is  required. 


3.  SIS  CIRCUIT  DESIGN 

Following  a similar  strategy,  the  SIS  junction  parameters  and  the  integrated  RF  microstrip 
circuit  geometry  have  also  been  optimized  to  provide  a wide-band  match  to  the  mixer  mount 
embedding  impedance.  The  most  convenient  type  of  circuit  consists  of  an  end-loaded  single 
junction  circuit  (baseline),  in  which  a two-section  Tchebychev  impedance  transformer  is 
designed  so  as  to  stretch  the  RF  coupling  bandwith.  This  solution  requires  high  current 
density  (typically  15  kA/cm2)  SIS  junctions.  Another  approach,  more  complex  because  of  the 
advent  of  Josephson  currents,  is  the  use  of  parallel  arrays  of  junctions  (fail-back  option). 

Regardless  of  the  type  of  SIS  circuits,  optimizing  them  was  done  in  three  consecutive 
stages:  first,  the  electrical  lenghts  and  characteristic  impedances  of  every  section  of  the  SIS 
circuit  were  optimized  using  HP  Libra.  This  allowed  us  to  rapidly  optimize  circuits  with  a 
large  number  of  degrees  of  freedom  and  to  investigate  the  expected  yield.  We  plugged  into 
the  commercial  software  all  the  fabrication  tolerances  and  maximum  errors  associated  to  all 
parameters,  and  did  a statistical  analysis,  leading  us  to  select  our  circuit  designs  not  on  the 
sole  basis  of  optimum  result  but  also  of  optimum  yield. 

In  a second  stage,  the  sets  of  electrical  lengths  and  characteristic  impedances  were 
converted  into  real  microstrip  circuit  dimensions  using  the  theory  of  superconductive 
microstrip  transmission  lines. 

To  verify  the  circuit  design,  the  noise  performance  to  expect  from  any  optimized 
circuit  — placed  in  our  tunerless  waveguide  mount  — was  calculated  at  any  frequency  and 
for  various  LO  powers  and  bias  voltages,  using  a numerical  code  written  in  C++  using  Tucker 
formalism  of  quantum  mixing  in  the  3-port  aproximation.  From  these  predictions,  it  became 
clear  (see  Fig.  2)  that  achieving  the  RF  bandwidth  specified  for  Band  1 with  a 'flat'  receiver 
noise  would  be  an  extremely  difficult  task  using  a single  junction  design  and  Nb/AlOx/Nb 
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technology.  However,  twin-parallel  and  multi-junction  arrays  (N>2),  as  first  proposed  by 
NRO  [6]  should  allow  to  meet  the  goals.  Our  own  proposed  multi-junction  array  geometries, 
using  non-uniform  spacings  between  SIS  junctions,  were  presented  earlier  [7]. 

4.  SIS  JUNCTION  FABRICATION 

Considering  the  maximum  RF  frequency  we  need  and  the  degrees  of  maturity  and  reliability 
of  various  SIS  technologies,  for  current  densities  up  to  15  kA/cm2  Nb/AlOx/Nb  junctions  in 
association  with  Nb/Si02/Nb  microstrip  circuits  appear  as  the  best  choice  materials  for  the 
mixers  of  HIFI/Band  1 . 

High-current  density  (15-kA/cm  ) SIS  junctions  with  areas  of  1 |im  or  smaller  are 
required  to  avoid  shunting  by  the  tunnel  barrier  capacitance  in  high  frequency  applications. 
Because  the  standard  SIS  fabrication  process  in  use  at  IRAM  — UV360  contact  lithography 
— is  limited  in  precision  for  the  definition  of  junctions  smaller  than  2 |im2,  a new  fabrication 
process  using  e-beam  lithography  for  the  definition  of  the  HIFI/Band  1 junctions  was 
developed  [8].  To  make  it  compatible  with  the  existing  process,  a mix  & match  process  was 
chosen,  where  the  same  negative  resist  layer  can  be  both  e-beam  and  UV-exposed  to  produce 
self-aligned  structures  for  either  the  junctions  pattern  or  the  larger  contact  areas.  As  shown  in 
Fig.3,  this  process  involves  less  steps  than  positive  e-beam  lithography.  More  details  on  the 
fabrication  process  can  be  found  in  [8],  Out  of  80  junctions  measured,  57%  of  them  displayed 
good  I-V  curves  with  RSUbgap/Rn  > 20.  The  results  show  that  despite  earlier  claims  it  is  possible 
to  fabricate  high  quality  Nb-Al-AlOx-Nb  junctions  with  current  densities  well  above  10 
kA/cm2  with  good  yield. 

The  trilayer  consists  of  a 120  nm  niobium  (Nbl)  bottom  electrode,  a 10  nm  A1  layer 
oxidized  in  pure  oxygen  at  room  temperature,  and  60  nm  niobium  (Nb2).  The  RF  microstrip 
circuits  share  the  same  Nbl  bottom  electrode  with  the  trilayer,  and  use  a 200  nm  thick 
dielectric  layer  (Si02)  and  a 430  nm  niobium  counter-electrode  (Nb3).  Figure  4 shows  a 
micrograph  of  a circuit. 


5.  PRELIMINARY  MEASUREMENTS 

Fourier  Transform  Spectroscopy  (FTS)  measurements  and  heterodyne  hot/cold  load 
calibrations  were  done  with  the  first  SIS  circuits  produced  by  IRAM.  For  the  heterodyne  tests 
we  made  a prototype  tunerless  waveguide  mount,  simple — for  instance  with  a plain  diagonal 
hom  and  a massive  conventional  superconducting  magnet — yet  with  the  substrate  positioning 
and  the  backshort  location  found  to  be  optimum  from  our  3D  simulations.  We  adopted  this 
solution  to  make  rapid  validations  of  the  circuits  and  we  expect  the  next  waveguide  mount  to 
be  of  much  better  quality. 

Figure  5 shows  on  the  same  plot  the  FTS  response  of  one  such  circuit  (10  kA/cm2) 
both  mounted  in  an  open  structure  (prior  to  dicing  of  the  individual  chips)  and  mounted  in  the 
waveguide  mount.  Several  things  must  be  noted.  First,  the  envelopes  of  both  FTS  responses 
are  quite  similar.  This  demonstrates  that  the  new  tunerless  mixer  mount  is  nearly  'transparent' 
impedance-wise.  Indeed,  the  source  impedance  seen  by  the  SIS  circuit  in  the  open-structure 
case  is  close  to  100  Q over  most  of  the  band,  not  too  different  from  the  ~70  Q waveguide 
mixer  environment.  With  either  type  of  feed,  therefore,  the  computed  RF  coupling  response  is 
dominated  by  the  complex  admittance  of  the  SIS  circuit  itself. 

Second,  the  measured  response  of  the  single-junction  circuit  agrees  with  the 
simulations:  the  'twin-peaks’  like  curve  is  mainly  due  to  the  Tchebychev  circuit,  designed  for 
the  widest  band  possible.  This  shows  the  limitations  of  the  microstrip  transformer  approach 
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for  a 30  % relative  bandwidth,  since  it  results,  as  shown  in  Fig.  6,  in  an  increase  of  the 
receiver  noise  in  the  center  of  the  band  mirroring  the  decrease  of  RF  coupling.  However,  the 
good  agreement  between  measurements  and  simulations  is  encouraging  and  validates  our 
choice  of  strategy.  In  particular,  the  fact  that  the  480-640  GHz  bandwidth  has  been  obtained 
from  the  very  first  batch  of  junctions  seems  to  validate  our  ‘best-yield  design'  approach  and 
the  reliability  of  the  new  junction  fabrication  process.  The  best  receiver  noise  measured  for 
one  device  always  occurs  at  two  frequencies  where  the  RF  coupling  and  the  mixer  gain  peak. 
An  example  of  these  noise  values  is  given  in  the  Table  I below,  also  providing  a correction  for 
the  optics  losses.  The  influence  of  the  latter  was  quantified  using  FTS  measurements  of 
refractive  indices  and  absorption  coefficients  of  the  optical  components  at  all  frequencies 
(Table  II).  The  calculations  assumed  a 7 K IF  noise  and  included  the  contribution  of  zero- 
point  field  fluctuations  to  the  noise,  at  temperature  T,  and  frequency  v. 


hv  - 
->TiZPF  = — — • cothl 


2 ka 


hv 

UJ, 


With  another  device  at  15  kA/cm2,  and  after  removing  some  optical  components  (the  3.4-mm 
thick  rexolite  lens  and  one  IR  filter)  in  the  cryostat  we  could  measure  a receiver  noise 
temperature  of  130  K around  530  GHz  (see  fig.  7). 


Table  I 


Frequency  (GHz) 

Tree,  uncor  (K) 

Trf(K) 

Grf 

Tree,  cor  (K) 

Tree  sim  (K) 

480 

280 

95.2 

■CT 

65 

60 

610 

500 

73 

141 

87 

Table  II 


Component 

Material 

Thickness 

(mm) 

Index  n 

Absorption 

a(cm'!) 

Power 

Transmission 

Beam  splitter 

0.009 

1.732 

0.74 

Vacuum 

window 

Mylar 

0.74 

0.85 

Filter  4.2  K 

0.508 

1.654-1.657 

1. 6-2.8 

0.74 

Lens  4.2  K 

Rexolite 

3.4 

1.6 

0.55 

0.6 

6.  LOW-CURRENT  ELECTROMAGNET 

SIS  mixers  require  the  application  of  a magnetic  field  in  the  tunnel  barrier  plane  to  null  the 
DC  average  of  Josephson  currents.  This  is  commonly  achieved  with  a superconducting 
electromagnet.  In  the  case  of  HIFI,  the  low  maximum  current  allowed — for  thermal 
dissipation  reasons — imposes  the  design  of  a highly  efficient  electromagnet,  able  to  provide  a 
few  magnetic  flux  quanta  in  the  SIS  junction  for  a maximum  current  of  10  mA. 

Figure  8 shows  the  proposed  electromagnet  for  the  Band  1 mixers.  It  consists  of  a pair 
of  symmetrical  electromagnets:  the  cores  are  made  out  of  a high  magnetic  permeability 
material,  coiled  with  hundreds  of  turns  of  NbTi/Cu  100-micron  gauge  wire,  and  the  polar 
pieces  reach  the  plane  of  the  SIS  substrate.  A prototype  electromagnet  using  cryoperm  was 
made  and  measured  at  room  temperature  and  4.2  K.  The  cryoperm  material  was  provided  by 
Ammuneal  Corp  [9]  then  bent  into  shape  and  thermally  processed  [10].  The  prototype  was 
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winded  in  house  by  hand  with  1100  turns  of  120-micron  formvar- insulated  copper  wire,  then 
characterized  using  a Hall  probe. 

At  room  temperature,  the  magnetic  field  produced  by  the  magnet  saturates  between 
900  and  1 100  Gauss,  depending  on  the  size  of  the  gap  between  the  polar  pieces  (~1  mm  typ.). 
As  expected,  the  saturation  field,  reached  for  about  150  mA  (see  Fig.  9),  is  larger  at  4.2  K 
than  at  300  K.  These  saturation  levels  are  lower  than  the  -8000  Gauss  specified  for  the  bulk 
cryoperm  material,  nevertheless  sufficient  for  our  application.  The  magnetic  permeability 
does  not  vary  with  temperature,  and  no  hysteresis  was  noted.  These  measurements  ensure  that 
the  electromagnet  designed  for  Band  1 will  meet  the  HIFI  specs,  providing  300  Gauss  — 
inducing  more  than  3 flux  quanta  in  a one-micron-square  SIS  junction  — with  only  10  mA. 

7.  DEMONSTRATION  M ODEL  MIXER 

Figure  10  shows  an  Autocad  view  of  the  Demonstration  Model  (DM)  mixer  for  Band  1,  as 
currently  designed. 

The  most  important  feature  for  our  wideband  coupling  design  is  the  orientation  of  the 
substrate,  which  lies  on  the  feedhom  section  of  the  mixer.  The  substrate  is  surrounded  by  a set 
of  printed  boards  supporting  various  functions:  IF  output  line  (with  or  without  an  IF 
impedance  transformer)  with  DC  block;  grounding  of  the  SIS  device  with  an  integrated  heater 
to  get  rid  of  occasionally  trapped  flux;  DC  bias  circuit  with  filters.  These  must  be  highly 
efficient  in  the  microwave  region,  to  provide  an  isolation  better  than  30  dB  and  protect  the 
SIS  device  from  EMI/ESD.  We  propose  the  use  of  distributed  planar  RC  filters  using  lossy 
suspended  striplines.  The  resistor  is  a thin  TaN  film  and  the  dielectric  is  Ta2C>5N.  These  novel 
filters  are  attractive  because  of  their  smallness  and  because  they  will  efficiently  reject  any 
high  frequency  noise  above  a certain  cutoff  frequency  (e.g.  50  MHz),  whereas  their  lumped 
equivalents  provide  less  rejection  and  have  resonances  in  the  microwave  range.  We  will 
report  on  the  performance  of  the  filters  elsewhere. 

Corrugated  feedhoms  for  the  DM  have  been  designed  (in  concertation  with  the  other 
HIFI  mixer  designers,  for  the  sake  of  standardization  between  bands)  and  are  now  fabricated: 
the  mandrels  were  machined  by  Societe  Audoise  de  Precision  [11]  out  of  aluminum  7175; 
electrodeposition  of  24-carat  gold— to  avoid  voids — and  copper  on  the  mandrels  is  done  at 
Protection  des  Metaux  [12].  We  will  investigate  their  beam  quality  (E  and  H symmetry, 
sidelobes,  crosspolarization,  return  loss)  by  amplitude  and  phase  measurements  at  IRAM. 
Figure  11  shows  the  calculated  beam  pattern  and  Fig.  12  shows  EBM  photographs  of  70- 
micron  and  20-micron  wide  corrugations  (on  a feasibility  study  prototype). 

8.  CONCLUSION 

We  have  designed  a mixer  for  HIFI/  Band  1,  which  we  are  currently  validating  by  FTS  and 
heterodyne  measurements.  The  Demonstration  Model  of  this  mixer  will  be  partially  functional 
(some  points  at  the  SOAP  specs  within  the  band)  and  fully  compliant  with  the  interface 
specifications  (dimensions,  mass  and  power  dissipation  budget,  ranges  of  voltages  and 
currents,  LO  power  required).  In  particular,  the  DM  will  include  several  items  which  have 
been  specially  developed  for  this  project:  a high  efficiency  electromagnet  with  a cryoperm 
core,  high  current  density  Nb  junctions  processed  by  e-beam  lithography,  and  a corrugated 
feedhom.  We  demonstrated  with  FTS  measurements  that  the  waveguide  mount  needs  no  fixed 
length  of  backshort  to  provide  a wide  bandwidth,  hence  greatly  simplifying  the  manufacture 
of  the  mounts.  To  improve  the  receiver  sensitivity  across  the  band  in  later  deliveries 
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(upgraded  DM  or  QM,  FM),  new  SIS  circuits  will  be  required,  including  non-uniform  parallel 
arrays  of  junctions,  a developement  currently  in  progress  at  DEMIRM. 
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Figure  1 . Real  and  imaginary  parts  of  the  waveguide  mount  embedding  impedance  seen  at  the  center 
of  the  bow-tie  probe,  simulated  for  different  waveguide  backshort  locations  (distance  of  backshort 
from  metallization  is  expressed  in  the  legends  in  percents  of  the  guided  wavelength). 


Figure  2.  Predicted  DSB  mixer  noise  performance  for  a single-junction,  twin-parallel  junction,  and 
N=5  junction  array  mixers  optimized  for  Band  1. 
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Figure  3.  Schematic  of  the  mix  & match  process:  a.  e-beam  lithography  junction  definition;  b. 
contact  area  UV-mask  aligner  lithography;  c.  junction  and  contact  pattern  after  development; 
d.  reactive  ion  etching  of  Nb2;  e.  Si02  deposition;  f.  Si02  liftoff. 


Figure  4.  Photograph  of  a 1-pm2  junction  defined  by  EBL  with  the  new  IRAM  process. 
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Figure  5.  (a)  FTS  response  of  a 1 )um2,  10  kA/cm2  Nb/AlOx/Nb  junction  with  a Tchebychev 
transformer  (device  # S3-I1-23-1-C),  coupled  to  the  radiation  both  quasioptically  and  in  the 
tunerless  waveguide  mount,  (b)  Simulated  FTS  response:  we  showed  the  peak  at  380  GHz  in 
the  open  structure  measurement  to  be  a mere  consequence  of  radiation  coupling  to  the  nearby 
devices  on  the  undiced  chip. 
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Figure  6.  Comparison  of  heterodyne  calibration  with  simulated  DSB  noise  performance.  The 
calculated  noise  was  optimized  (w.r.t.  LO  power,  bias  voltage)  and  includes  a 7 K IF  system 
noise  at  1.5  GHz.  The  RF  noise  contribution  was  computed  after  measurements  from  100  to 
1500  GHz  of  the  refractive  index  and  absorption  coefficient  of  all  optical  materials  used  in  the 
experiment.  No  data  is  available  on  this  plot  below  480  GHz  nor  above  610  GHz  for  lack  of 
LO  source. 
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Figure  7.  Measured  receiver  noise  temperature  versus  bias  voltage  at  528  GHz  for  device  # 
S6-P23-5  (15  kA/cm2). 
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Figure  8.  One  half  of  the  cryoperm  electromagnet  designed  for  Band  1 (1100  turns);  artist's 
view. 


Cryoperm  Electromagnet 


Figure  9.  Magnetic  field  vs.  current  measured  on  the  Band  1 prototype  cryoperm 
electromagnet,  with  1100  turns,  at  ambiant  and  LHe  temperatures  and  for  three  gap  values  : 
the  permeability  decreases  as  g is  increased.  The  final  magnet  will  have  a gap  of  1 mm  <gl . 
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Figure  10.  3D  Autocad  view  of  the  DM  mixer  for  Band  1:  (a)  closed;  (b)  open. 
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Comparison  between  copolar  and  Xpolar  amplitude 
components  in  the  far  field  without  lens 


Angular  dist.  freon  aperture  center  [deg] 

E-plane  copolar 

H-plane  copolar 

— ■ Xpolar45  degree 

— gaussianbeam 

Figure  1 1 . Calculated  beam  pattern  and  cross-polarization  level  for  Band  1 (the  same  horn 
profile  has  been  adopted  for  all  waveguide  mixer  bands). 


Figure  12.  EBM  inspection  of  the  corrugated  gold  parts  of  two  prototype  feedhoms  with  70 
pm  (left)  and  20  pm  (right)  wide  corrugations. 
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Reduced  Tc  Niobium  Superconducting  HEB  Mixers 


I.  Siddiqi  and  D.E.  Prober 

Department  of  Applied  Physics,  Yale  University,  15  Prospect  Street,  New  Haven  CT  06520 

B.  Bumble  and  H.G.  LeDuc 

Jet  Propulsion  Laboratory , California  Institute  of  Technology,  Pasadena  CA  91 109 


A reduction  in  the  mixer  noise  is  expected  when  using  superconductors  with  a lower  tran- 
sition temperature  (Tc)  since  the  thermal  noise  components  of  the  mixer  noise  should  scale 
with  Tc.  Also,  the  local  oscillator  (LO)  power  required  for  a diffusion-cooled  device 
should  decrease  as  Tc2  when  Tbath«Tc.  We  previously  studied  mixing  in  aluminum  based 
hot-electron  bolometers  (HEBs)  at  microwave  frequencies  (~30  GHz),  and  observed  a sig- 
nificant improvement  in  noise  performance,  and  a reduction  in  LO  power  as  predicted. 
However,  the  bias  voltage  range  over  which  good  mixer  performance  was  observed  was  ~ 
5-10  pV.  These  devices  are  thus  susceptible  to  saturation  effects,  in  particular  output  satu- 
ration. In  the  present  work,  we  have  investigated  Nb  HEBs  whose  Tc  is  lowered  by  apply- 
ing a magnetic  field.  The  goal  is  to  study  a case  intermediate  between  Nb  and  Al,  and 
hopefully  to  find  properties  that  will  allow  use  in  practical  receivers.  A 1 5 kOe  perpen- 
dicular magnetic  field  was  applied  to  a Nb  HEB  (L=0.16  |im,  W=0.08  pm,  R]sf=90G)  to 
reduce  Tc  from  5.2  K to  2.4  K.  The  mixer  noise,  as  inferred  from  the  output  noise  and  the 
conversion  efficiency,  decreased  from  390  K,  DSB  to  171  K,  DSB.  The  LO  power  re- 
quired for  near  optimum  mixer  conversion  efficiency  (T}mixer  = - 9 dB  in  this  device)  was 
8nW  in  zero  field,  and  - 2 nW  when  Tc  was  reduced  to  2.4K.  Tbath=0.22K.  The  conversion 
bandwidth  was  previously  measured  to  be  2.4  GHz  and  the  same  bandwidth  was  observed 
in  the  presence  of  a magnetic  field.  By  lowering  Tc,  the  voltage  range  over  which  good 
mixing  was  observed  also  decreased.  However,  even  with  Tc  reduced  to  2.4  K,  the  con- 
version efficiency  dropped  by  3dB  from  its  maximum  value  only  when  the  bias  voltage 
was  changed  by  - 90  pV.  Saturation  effects  should  thus  be  much  less  of  a concern  in 
these  devices  than  in  Al  HEBs.  In  situations  where  the  application  of  a large  magnetic 
field  is  not  feasible,  we  suggest  using  Ta  based  HEBs.  Ta  HEBs  should  have  Tc  - 3-3. 5K 
and  material  properties  very  similar  to  Nb. 

I.  Introduction 

Nb  and  NbN  hot-electron  bolometer 
(HEB)  mixers  are  promising  for  spectros- 
copy applications  above  1 THz.  Diffu- 
sion-cooled Nb  devices  have  been  shown 
to  have  a receiver  noise  temperature  as 
low  as  Tr=1800K  at  2.5  THz,  with  an  in- 
termediate (IF)  bandwidth  of  ~ 9 GHz  in 
this  same  device.1  Mixer  noise  perform- 
ance is  predicted  to  improve  when  the 
transition  temperature  (Tc)  of  the  super- 
conducting HEB  is  lowered.  A reduction 


in  the  mixer  noise  temperature  and  the  lo- 
cal oscillator  (LO)  power  is  expected. 4 

Recently,  we  studied  diffusion-cooled 
HEB  mixers  made  of  Al.  Low  frequency 
studies  (fLO  ~ 30GHz)  indicate  that  the 
mixer  performance  is  very  good  and  in 
agreement  with  predictions.5  In  the  Al  de- 
vices, optimum  mixer  performance  is  ob- 
served only  within  a narrow  range  of  bias 
voltages,  AV  - 5-10  pV.  Al  HEB  tests  at 
600  GHz  indicate  that  the  conversion  effi- 
ciency is  about  lOdB  lower  than  that 
measured  at  microwave  frequencies.6  It  is 
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possible  that  the  discrepancy  between 
these  two  measurements  is  the  result  of 
saturation  effects.  For  example,  output 
saturation  might  be  an  issue  if  enough 
background  radiation  is  down  converted  to 
create  an  IF  voltage  swing  in  excess  of 
several  microvolts.  In  Fig.  1,  the  mixer 
conversion  efficiency  is  plotted,  and  it 
drops  when  broadband  noise  is  coupled 
with  the  mixer  input  signal.  If  the  fre- 
quency of  the  noise  is  such  that  most  of  it 
can  be  down  converted  to  the  IF,  a signifi- 
cant decrease  in  conversion  efficiency  can 
be  observed  for  even  ~10pW  (T  background 
noise  ~ 100K)  of  incident  power. 

Since  the  voltage  range  for  operation 
for  A1  HEBs  is  small,  we  consider  materi- 
als with  a Tc  that  lies  between  IK  (Al)  and 
6K  (Nb)  for  practical  applications.  The 
approach  taken  here  was  to  lower  the  Tc  of 
Nb  HEBs  by  applying  a perpendicular 
magnetic  field.  These  devices  should  have 
a lower  mixer  noise  temperature  compared 
to  Nb  in  zero  field,  but  not  as  low  as  that 
obtained  with  Al.  Yet,  they  should  be 
much  less  prone  to  saturation  effects. 
Overall,  they  should  be  more  like  the  suc- 
cessful Nb  HEBs.  The  data  presented  are 
for  a local  oscillator  frequency  of  ~ 30 
GHz.  The  motivation  for  these  studies  is 
that  the  microwave  measurements  allow 
for  a more  thorough  exploration  of  the  de- 
vice physics  than  can  be  done  with  usual 
sub-millimeter  wave  measurements.  In 
applications  where  a magnetic  field  may 
be  difficult  to  generate  or  may  interfere 
with  other  components,  the  use  of  Ta  (Tc  ~ 
3-3.5  K)  is  suggested.  Since  Ta  and  Nb 
share  many  material  properties,7  it  is 
hoped  that  any  results  obtained  with  re- 
duced-Tc  Nb  devices  can  be  reproduced 
with  Ta  HEBs. 

II.  Devices  and  Experimental  Setup 


Figure  1:  Conversion  efficiency  for  an  Al  HEB  in 
the  presence  of  background  noise.  Based  on  the 
measured  IF  bandwidth  and  the  LO  frequency 
chosen,  -85%  of  the  noise  in  the  26.5-36  GHz  can 
be  down  converted  to  the  IF. 

The  devices  measured  were  10  nm 
thick  Nb  HEBs  on  quartz  substrates.  The 
fabrication  details  of  the  self-aligned  proc- 
ess used  are  given  in  Ref.  8.  The  data  pre- 
sented here  are  for  a device  with  width 
0.08  pm  and  length  0.16  pm.  Thick  Au 
pads  (100  nm)  are  used  to  contact  the  Nb 
microbridge.  Measurements  were  previ- 
ously made  on  this  device  (Device  B in 
Ref.  9)  at  20  GHz  by  Burke,  et  al.9  Also, 
devices  from  this  batch  and  ones  similar  to 
it  have  been  used  for  HEB  mixer  tests  at  ~ 
600  GHz,  1.2  THz,  and  2.5  THz.1'2,10 

The  device  is  placed  on  the  cold  stage 
of  a variable  temperature  3He  cryostat.  The 
system  described  here  is  similar  to  the 
setup  in  Ref.  5,  but  differs  in  instrumenta- 
tion and  functionality.  For  convenience, 
all  measurements  were  made  at  a bath 
temperature  of  T=0.22K,  and  similar 
mixer  performance  is  expected  even  at  ~ 
1.5K.  A magnetic  field  up  to  50  kOe 
could  be  applied  perpendicular  to  the  sam- 
ple. The  LO  source  is  a YIG  oscillator 
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(26.5-40  GHz),  and  the  RF  signal  source  is 
the  internal  generator  of  the  HP8722D 
network  analyzer.  A path  is  present  for 
the  injection  of  noise  from  an  external 
source  to  simulate  background  radiation. 
The  first  stage  IF  amplifier  is  a broadband 
cooled  HEMT.  The  IF  signal  was  ana- 
lyzed on  a HP8593E  spectrum  analyzer. 
Output  noise  was  measured  by  rectifying 
the  IF  signal  using  a room  temperature 
Schottky  diode  detector.  A block  diagram 
and  picture  of  the  measurement  setup  are 
given  in  Fig.  2. 

III.  Results 

A.  I-V  Curves 

The  Tc  is  measured  to  be  5.2  K in  the 
absence  of  an  applied  magnetic  field.  The 
critical  current  is  1 05  pA  with  no  LO.  By 
applying  a 15  kOe  perpendicular  magnetic 
field,  Tc  is  reduced  to  2.4  K.  For  this  com- 
parison, Tc  is  taken  to  be  the  temperature 
corresponding  to  the  middle  of  the  resis- 
tive transition.  The  unpumped  critical 
current  is  reduced  to  1 1 pA.  In  Figs.  3-4, 
pumped  and  unpumped  I-V  curves  for  Tc  = 
5.2  K and  2.4  K are  given. 

B.  LO  Power  and  Conversion  Efficiency 

The  LO  power  used  for  mixing  was 
chosen  so  as  to  optimize  the  conversion 
efficiency.  A particular  LO  power  was  set 
and  the  bias  voltage  was  swept  to  deter- 
mine the  maximum  conversion  efficiency 
for  that  pump  power.  The  pump  power 
was  then  incrementally  changed  to  find 
near  optimum  operating  conditions.  Both 
with  and  without  a magnetic  field,  the  best 
conversion  efficiency  obtained  was  -9  dB. 

The  LO  power  required  for  mixing  for 
a diffusion  cooled  device  is  predicted  to  be 

Plo=4  L (Tc2-T2)  / R (1) 
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Voltage  (mV) 

Figure  3: 1-V  curves  in  zero  applied  magnetic  field. 


where  L is  the  Lorenz  constant,  Tc  is  the 
transition  temperature,  T is  the  bath  tem- 
perature, and  R is  the  device  resistance.9’1 1 
Since  the  bath  temperature  is  0.22  K,  a 
four  fold  reduction  is  LO  power  is  ex- 
pected in  this  case.  The  LO  power  needed 
for  optimum  conversion  efficiency  with 
Tc=2.4  K is  6 dB  lower  than  that  with 
TC=5.2K,  as  predicted. 

C.  Conversion  Efficiency  v.v.  Bias  Voltage 
In  Fig.  5,  the  conversion  efficiency  is 
presented  as  a function  of  bias  voltage. 
The  bias  voltage  is  swept  from  a large 
positive  voltage  down  to  zero.  Data  points 
corresponding  to  lower  bias  voltages 
where  switching  and/or  other  instabilities 
were  observed  are  not  shown 

Both  with  and  without  a magnetic  field 
it  is  possible  to  obtain  a best  conversion 
efficiency  of -9  dB.  However,  the  conver- 
sion efficiency  varies  more  sharply  with 
bias  voltage  when  Tc  is  reduced.  Without 
a field,  with  Tc=5.2  K,  the  conversion  effi- 
ciency drops  by  3 dB  from  its  maximum 
value  when  the  bias  voltage  is  shifted  by  ~ 
200  gV.  In  the  presence  of  the  field,  the 
same  3dB  drop  now  occurs  when  the  bias 
voltage  is  shifted  by  ~ 90  gV.  This  is  a 


Voltage  (mV) 

Figure  4: 1-V  curves  in  an  applied  magnetic  field. 


considerably  larger  voltage  range  that  ob- 
served with  A1  devices;  see  Table  I.  This 
Nb  device,  even  with  Tc  = 2.4  K,  should 
be  much  less  susceptible  to  saturation  ef- 
fects than  an  A1  HEB. 

D.  Mixer  Noise 

The  mixer  noise  temperature  is  in- 
ferred from  the  output  noise  temperature 
and  the  single  sideband  conversion  effi- 
ciency, r|  (TMiDsB=Toutput/2r|).  The  thermal 
components  of  the  mixer  noise  - Johnson 
noise  and  thermal  fluctuation  noise  - 
should  decrease  with  Tc.  Such  a reduction 
can  be  significant  if  the  mixer  noise  is 
much  larger  than  fundamental  quantum 
noise  and  is  dominated  by  thermal  sources. 
At  30  GHz,  the  quantum  noise  limit 
(TQ=hv/k)  is  ~ 1.4  K.  The  output  noise 
when  operating  with  maximum  conversion 
efficiency  (-9dB)  decreased  from  88  K to 
46  K when  Tc  was  reduced  by  a factor  of  ~ 
2 from  5.2  K to  2.4  K.  The  corresponding 
mixer  noise  decreases  approximately  pro- 
portional to  Tc,  from  390K  to  171K  when 
Tc  is  5.2K.  The  mixer  noise  increases  by 
3dB  from  its  minimum  value  when  the 
bias  voltage  is  shifted  by  ~ 440  gV.  This 
voltage  range  is  smaller  when  Tc  is  2.4K, 
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Figure  5:Conversion  efficiency  versus  bias  voltage 
and  pumped  1-V. 

and  the  3dB  drop  off  occurs  at  a voltage 
shift  of  152|iV.  The  mixer  noise  as  a 
function  of  bias  voltage  is  presented  in 
Fig.  6. 

IV.  Conclusions 

The  Tc  of  a Nb  HEB  was  successfully 
lowered  by  the  application  of  a magnetic 
field  from  5.2  K to  2.4K.  The  mixing  re- 
sults for  Nb,  reduced  Tc  Nb,  and  A1  HEBs 
are  summarized  in  table  I.  The  optimum 
conversion  efficiency  observed  was  -9dB 
for  both  values  of  Tc.  The  mixer  noise 
temperature  decreased  nearly  linearly  with 
Tc.  The  LO  power  needed  for  optimum 
conversion  efficiency  decreased  from  8nW 
with  Tc=5.2  K to  2 nW  with  Tc=2.4  K,  as 
predicted  in  Eq.  1.  The  bandwidth  has 
previously  been  measured  to  be  2.4  GHz 


Figure  6:  Mixer  noise  versus  bias  voltage  and 
pumped  l-V. 


and  was  unchanged  when  Tc  was  reduced. 

A 3dB  drop  in  conversion  efficiency 
was  observed  for  the  device  for  a bias 
voltage  change  of  ~ 90pV.  This  is  a con- 
siderably larger  voltage  range  than  was 
observed  in  similar  studies  of  A1  HEBs 
and  these  reduced-Tc  Nb  devices  are  much 
less  prone  to  saturation  effects.  For  exam- 
ple, for  a 300K  background  and  a device 
IF  bandwidth  of  10GHz,  a noise  voltage  of 
~ 20|xV  would  be  generated  at  the  output, 
and  thus  not  result  in  significant  output 
saturation.  Further  tests  are  in  progress  to 
determine  when  input/output  saturation  is 
observable  in  Nb  and  reduced-Tc  Nb 
HEBs,  and  what  effects  lowering  Tc  has  on 
these  limits.  We  note  that  the  mixing  data 
for  all  parameters  (output  noise,  conver- 
sion efficiency,  LO  power,  and  DC  power) 
obtained  in  zero  magnetic  field  agree  well 


DEVICE 

L 

(pm) 

Rn 

(A) 

Flo 

(nW) 

Conv.  Eff.  (q) 
(dB) 

Tm,dsb 

(K) 

AV.jdB 
Conv.  Eff. 

(UV) 

AV_3dB 
Mixer  Noise 

(PV) 

Nb  (TC=5.2K) 

0.16 

90 

8 

-9 

390 

200 

440 

Nb  (TC=2.4K) 

0.16 

90 

2 

-9 

171 

90 

152 

A1  (TC=1.0K) 

0.60 

52 

0.5 

-8 

4 

~5 

~5 

Table  I:  Microwave  mixing  performance  for  Nb,  reduced  Tc  Nb,  and  A1  HEBs.  The  A1  data  is  for  device  A in 
Ref.  5.  The  last  two  columns  give  the  shift  in  bias  voltage  required  to  produce  a 3dB  degradation  in  the  conver- 
sion efficiency  and  mixer  noise  temperature. 
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with  previous  microwave  measurements 
(“optimum  gain”  case,  Ref.  9). 

Finally,  Ta  (Tc  - 3-3.5  K)  devices 
need  to  be  fabricated  and  tested  to  see  if 
the  results  reported  here  can  be  reproduced 
in  those  devices.  Those  devices  would  be 
used  in  receivers  where  a large  magnetic 
field  would  be  impractical. 
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Abstract: 

We  perform  a theoretical  analysis  based  on  the  superconducting  proximity-effect  model 
for  the  resistive  transition  of  an  aluminium  superconducting  hot  electron  bolometer  mixer 
when  the  cooling  banks  are  in  the  normal  state.  We  compare  our  calculated  result  with  a 
recently  reported  measurement1.  Our  calculation  qualitatively  reproduces  the  observed  feature 
in  which  the  resistance  drops  quickly  around  Tc  with  decreasing  temperature,  but  saturates  at  a 
value  roughly  being  one  half  of  the  normal  state  resistance.  It  also  opens  the  question  about 
which  type  of  cooling  banks  (normal  or  superconductor)  is  favourably  for  low  noise 
performance. 


I.  Introduction 

Superconducting  hot-electron  bolometer  (HEB)  mixers  are  currently  the  best  candidates 

for  heterodyne  spectrometers  operating  at  frequencies  of  a few  THz.  They  combine  a high 

sensitivity  with  the  need  for  only  very  low  local  oscillator  (LO)  power.  The  operating 

principle  is  absorption  of  radiation  by  the  electrons  leading  to  an  elevated  electron 

temperature,  which  is  thermalized  to  the  bath  temperature  either  by  phonons  (phonon-cooled ) 

or  diffusion  to  large  cooling  pads  ( diffusion-cooled ).  The  elevated  temperature,  which  is  a 

measure  of  the  absorbed  power,  leads  to  a resistance  change  exploiting  the  difference  in 
resistance  between  the  superconducting  state  and  the  normal  state.  Originally,  it  was  assumed 
that  the  devices  would  be  operating  at  the  transition  temperature  of  the  superconductor2.  Later 
it  was  recognized  that  in  practice  the  devices  are  brought  by  a bias  current  into  a state  in 
which  part  of  the  bridge  is  normal  (electronic  hot  spot)  and  part  is  superconducting3 * *"6.  The 
mixing  results  from  a modulation  of  the  length  of  the  hot  spot  with  absorbed  power. 

The  mixers  used  and  studied  most  thoroughly  are  based  on  niobium  microbridges  using 
large  Au  cooling  pads  at  both  ends  (here  we  focus  on  diffusion-cooled  HEB’s).  In  response  to 
theoretical  estimates,  predicting  a higher  sensitivity,  broader  IF  bandwidth,  and  lower  LO 
power,  aluminium  has  been  proposed  as  an  attractive  alternative  for  diffusion-cooled 
HEB’s1’7 *'9.  Unfortunately,  the  mixing  results  have  so  far  been  disappointing  suggesting  that  a 
good  understanding  of  the  behavior  of  these  nano-scaled  microbridges  consisting  of 
superconducting  and  normal  parts  is  lacking.  In  this  paper  we  present  a theoretical  analysis  of 
the  resistive  transition  of  such  a system  using  the  microscopic  theory  of  the  proximity-effect. 
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Fig.l.  A schematic  view  of  an  A1  supercon- 
ducting hot  electron  bolometer  mixer 
with  normal  metal  cooling  banks. 


I , ’ •! 


i ra^*r>  s K> 

ig.2.  Resistance  of  0.6  pm  long  A1  wire 
as  a function  of  temperature  measured 
by  Siddiqi  et  al} 


As  a starting  point  we  will  use  a recent  observation  of  Siddiqi  et  al}  about  the  resistive 
transition  of  an  Al  HEB  mixer  (Fig.2).  The  resistance  drops  quickly  around  a temperature  of  1 
K,  but  surprisingly  saturates  at  about  50  % of  the  normal  state  resistance  even  down  to  very 
low  temperatures.  The  measured  device  (Fig.l)  consists  of  a thin,  narrow  Al  microbridge  with 
a length  of  600  nm,  a width  of  100  nm,  and  a thickness  of  ~15  nm.  The  cooling  banks  are  in 
essence  thick  and  wide  Al.  The  intrinsic  superconducting  transition  temperature  of  the  Al 
bridge  is  not  exactly  known,  but  expected  to  be  in  the  range  of  1. 5-2.4  K.  The  Tc  of  the  banks 
is  considerably  lower  than  the  Tc  of  the  bridge,  likely  to  be  ~0.8  K.  The  diffusion  constant  of 
the  Al  microbridge  equals  6 cm2/s.  For  the  curve  shown  in  Fig.2  the  superconductivity  of  the 
banks  is  suppressed  by  applying  a magnetic  field,  which  means  that  the  device  consists  of 
normal  pads  with  a superconducting  microbridge  (NSN). 


II.  Results  of  a model-calculation 

Since  the  resistance  of  the  cooling  pads  is  negligible  compared  to  the  measured 
resistance  the  observations  imply  that  a substantial  fraction  of  the  superconducting  bridge  is 
resistive.  It  is  well  known  that  the  conversion  of  a normal  current  to  a supercurrent  at  an  N/S 
interface  leads  to  a resistive  contribution  due  to  charge  imbalance.  This  fact  has  been  used  by 
Wilms  Floet  et  al.10  in  a previous  attempt  to  model  the  resistive  transition  of  HEB’s.  This 
resistive  contribution  only  appears  due  to  quasiparticles  with  energies  larger  than  the  energy 
gap  and  hence,  quickly  disappears  below  the  critical  temperature.  Quasiparticles  with  energies 
smaller  than  the  energy  gap  are  assumed  not  to  contribute  to  the  resistance  and  are  converted 
into  supercurrent  through  the  process  of  Andreev-reflection.  As  pointed  out  by  Siddiqi  et  al\ 
their  observed  anomalous  behaviour  must  be  related  to  the  proximity-effect,  i.e  they  find  that 
the  measured  residual  resistance  corresponds  to  a length  relating  to  the  coherence  length  £(T). 
A similar  observation  has  previously  been  made  for  Pb-Cu-Pb  sandwiches  by  Harding, 
Pippard,  and  Tomlinson1 1 and  subsequently  explained  by  Krahenbiihl  and  Watts-Tobin12.  This 
implies  that  the  assumption  of  Wilms  Floet  et  al}°  of  a negligible  contribution  to  the 
resistance  for  quasiparticles  with  energies  smaller  than  the  energy  gap  must  be  corrected.  To 
proceed  the  microscopic  theory  for  the  proximity  effect,  based  on  the  Usadel  equations 
supplemented  with  the  appropriate  kinetic  equation13  must  be  used  to  calculate  the  spatial 
variation  of  the  superconducting  gap  along  the  microbridge  and  the  resulting  contribution  to 
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the  resistance.  Since  we  intend  to  focus  on  the  issues  of  interest  to  the  HEB  community  we 
neglect  the  details  of  the  calculation14  and  present  only  the  results. 


position  along  the  wire  (m) 

Fig.3.  Density  of  states  as  a function  of  Fig.4.  Penetration  of  the  electric  field  in  the 
position  along  the  bridge  for  different  bridge  at  T/Tc  - 0. 1 and  0.83. 

energies  E at  T/Tc  = 0.1. 

Fig.3  shows  the  calculated  density  of  state  at  different  positions  along  the  microbridge 
for  different  energies  E,  which  is  normalized  to  A(0),  for  T/Tc  = 0.1.  (The  microbridge  is 
assumed  to  have  a length  of  1.2  pm,  with  a bulk  energy-gap  of  A(0)  = 0.2  meV,  and  a 
diffusion  constant  100  cm2/s.  Tc  is  the  intrinsic  critical  temperature  of  an  infinite  long  bridge 
consistent  with  the  bulk  energy  gap).  At  the  boundaries  the  normal  metal  density  of  state  is 
imposed,  meaning  that  A is  forced  to  zero  in  N.  Note  that  even  in  the  middle  of  the  bridge  the 
density  of  states  does  not  become  zero  as  one  would  expect  for  a bulk  BCS  superconductor. 
Fig.  4 shows  the  electrical  potential  inside  the  superconducting  bridge  at  T/Tc  = 0.1  and  0.83. 
At  low  temperatures  a substantial  drop  in  voltage  is  found  near  the  interfaces  over  a length 
scale  somewhat  larger  than  the  coherence  length  at  zero  temperature  £(0),  given  by 
0.88(/jD/A(0))1/2.  The  final  and  most  relevant  result  of  this  analysis  is  shown  in  Fig.  5. 


0.0  0.2  0.4  0.6  0.8  1.0 

T/TC 

Fig.5.  Calculated  resistance  of  an  A1  bridge  (1.2  pm  long) 
when  the  bath  temperature  is  decreased  below  Tc. 


44 


I2'b  International  Symposium  on  Space  Terahertz  Technology 


It  shows  the  resistance  of  the  microbridge  as  a function  of  temperature,  reproducing  very 
well  the  measured  data  given  in  Fig.  2.  Note  the  apparent  lower  Tc  as  well  as  the  large  residual 
resistance  of  about  half  the  normal  state  resistance.  Unfortunately,  a one-to-one 
correspondence  to  the  experimental  data  cannot  be  made  because  the  intrinsic  Tc  of  the 
measured  device  is  not  known.  Nevertheless,  the  calculation  is  believed  to  contain  the 
essential  physics  demonstrating  the  role  of  the  dominant  parameter  ^(0)/L. 

III.  Discussion 

The  R-T  curve  is  an  important  device  characteristic  because  it  provides  valuable 
information  about  the  superconductivity  of  the  bridge  and  the  cooling  pads  and  on  the 
interface  between  the  bridge  and  the  banks.  However,  this  curve  is  not  directly  related  to  the 
mixer  performance.  The  latter  should  be  determined  from  the  I-V  curves.  Unfortunately,  the 
calculations  are  performed  only  for  the  linear  response-regime  (zero  bias  voltage). 
Nevertheless,  the  I-V  curve  is  very  likely  governed  by  a thermal  dissipation  process  starting  at 
the  NS  interfaces,  which  is  incompatible  with  an  electronic  hot  spot  concept  used  successfully 
for  niobium  HEB’s.  Evidently,  the  proximity  effect  influences  the  resistive  state  stronger  for  a 
HEB  with  a bridge  length  comparable  to  £(0).  Nb  devices  suffer  less  from  the  proximity 
effect  since  the  length  4(0)  is  relatively  short. 

Over  the  question  about  which  type  of  cooling  banks  (normal  or  superconductor), 
although  no  systematic  study  has  been  reported  to  compare  the  mixer  performance  for  devices 
with  the  cooling  banks  in  the  superconducting  state  or  in  the  normal  state,  it  might  be 
preferable  for  best  sensitivity  of  also  Nb  HEB's  to  work  at  temperatures  where  the  contacts 
are  superconducting.  This  analysis  suggests  that  one  needs  superconducting  contacts  for  good 
performance  of  HEB  mixers.  With  superconducting  contacts,  the  electronic  hotspot  can  be 
formed  at  the  center  of  the  bridge  and  a high  conversion  gain  is  expected  from  the  hot  spot 
mixing  model.  To  avoid  heat  trapping  due  to  Andreev-reflection,  which  will  reduce  the  IF 
bandwidth,  the  Tc  of  the  banks  however  should  be  lower  or  much  lower  than  that  of  the 
bridge. 
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FABRICATION  AND  RECEIVER  MEASUREMENTS  OF  A 
DIFFUSION-COOLED  HOT-ELECTRON  BOLOMETER 

AT  800  GHz 


J.  Stodolka1,  K.  Jacobs 

KOSMA,  I.  Physikalisches  Institut,  Universitat  zu  Koln, 
Ziilpicher  Str.  77,  50937  Koln,  Germany 


Abstract 

We  present  a fabrication  process  for  diffusion-cooled  niobium  hot-electron 
bolometers  using  a self-aligned  process  with  gold  as  an  initial  protection  layer  and 
aluminum  as  an  etch  mask  that  is  removed  by  a wet  etch.  This  process  proves  to  be 
reproducible  and  has  a yield  of  ~70  % per  batch.  Great  care  has  been  taken  to  avoid 
processing  temperatures  above  120  °C  to  minimize  degradation  of  the  Nb  film. 

We  have  performed  heterodyne  measurements  of  an  HEB  in  a fixed  tuned 
waveguide  mixer  at  804  GHz  and  at  an  IF-range  from  1-2  GHz.  The  approximate 
dimensions  of  the  bridge  are  240  x 200  x 14  nm3.  The  Niobium  bridge  has  a critical 
temperature  of  6.0  K and  a normal  state  resistance  of  16.5  Q.  A standard  Y-factor 
measurement  leads  to  a minimum  noise  temperature  of  1200  K at  1 GHz  IF.  The  coupled 
LO-power  is  estimated  by  the  isothermal  method  to  be  21  nW. 


Introduction 

Superconducting  Hot-Electron-Bolometers  (HEB)  utilizing  thin  superconducting 
films  have  become  established  as  sensitive  mixers  in  the  THz  region.  The  thermal 
response  time  x can  be  very  small  if  the  superconductor  is  thin  enough  that  only  the 
electron  gas  is  heated  and  the  cooling  is  fast  enough.  The  bolometers  described  in  this 
paper  are  cooled  by  out-diffusion  of  the  hot  electrons  in  normal  conducting  heat  sinks 
(diffusion-cooled  HEB)  rather  than  interactions  with  phonons  of  the  lattice  (phonon- 
cooled  HEB)  [1].  To  meet  the  requirements  for  astronomical  applications  such  as  SOFIA, 
thermal  response  times  down  to  several  picoseconds  are  needed  to  get  intermediate 
frequencies  up  to  10  GHz. 

Because  of  x ~ L [1]  the  dimensions  of  the  bolometer  bridge  have  to  be  very 
small.  We  have  fabricated  diffusion-cooled  HEBs  with  short  (L<300  nm)  and  narrow 
(<200  nm)  bridges  consisting  of  thin  (10-14  nm)  Niobium  (Nb)  on  z-cut  quartz  substrates. 
The  normal  conducting  heat  sinks  consist  of  70  nm  Gold  (Au).  In  the  following  paragraph 


1 e-mail:  stodolka@phl.uni-koeln.de 


47 


12th  International  Symposium  on  Space  Terahertz  Technology / 


we  discuss  problems  and  merits  of  several  approaches  for  the  fabrication  of  diffusion- 
cooled  HEBs. 


Device  Fabrication 

Aside  from  a good  reproducibility,  the  essential  requirement  for  the  fabrication  of 
a diffusion-cooled  HEB  is  a good  transparency  of  the  interface  between  the  heat  sinks  and 
the  material  of  the  bolometer  bridge.  A thermal  resistance  results  in  a slower  out-diffusion 
of  the  hot  electrons  and  thus  increases  the  effective  bridge  length  and  thermal  response 
time. 

Defining  the  bolometer  bridge  by  lift-off  with  subsequent  deposition  of  the  heat 
sinks  (Fig.  1)  [2]  has  the  major  disadvantage  of  high  requirements  for  the  overlap 
accuracy  of  the  Electron-Beam-Lithography  (EBL)  system  to  position  the  heat  sinks  on 
the  contact  areas  of  the  bridge. 


defined  by  liftoff. 


b)  Deposition  of  the  heat  sinks. 
The  contact  area  (shaded)  to  the 
heat  sinks  is  small. 


Fig.  1 : Outline  of  HEB  fabrication  by  lift  off  (top  view) 


A solution  is  offered  by  the  self-aligned  process  (Fig.  2).  Here,  the  substrate  is 
covered  with  a blanket  layer  of  Nb.  The  heat  sinks  and  a metal  strip  of  the  width  of  the 
bolometer  bridge  are  deposited  in  succession.  The  bridge  is  now  etched  out  of  the  blanket 
layer  by  using  reactive  ion  etching  (RIE)  where  the  heat  sinks  and  the  metal  strip  serve  as 
etch  masks:  the  spacing  between  the  heat  sinks  determines  the  bridge  length  while  the 
metal  strip  defines  the  width.  The  overlap  between  Nb  and  Au  heat  sinks  is  large. 


Nb  blanket  layer 

a)  Au  heat  sinks 
deposited  on  Nb 
blanket  layer 


b)  metal  strip  as  etch 
mask 


c)  HEB  after  RIE 
removal  of  field 
Nb  and  mask 


Fig.  2:  Outline  of  self-aligned  fabrication  process  (top  view) 
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A self-aligned  process  for  the  fabrication  of  diffusion-cooled  HEBs  was  developed 
at  JPL  [3],  It  uses  Au  as  protection  layer  deposited  in-situ  subsequent  to  the  Nb  blanket 
layer  to  prevent  the  Nb  from  oxidation  and  forming  a thermal  resistance.  Au  is  also  used 
as  material  of  the  metal  mask  for  the  definition  of  the  bolometer  bridge  width  (Fig.3). 

The  process  requires  two  gold  etch  steps  which  we  found  difficult  to  control  due  to 
variations  in  gold  thickness  after  the  first  gold  etch.  The  second  etch  step,  removing  the 
gold  from  the  bolometer  bridge,  is  then  prone  to  destroy  the  bridge  or  leave  a Au  residue. 


Au  etch 

Au  heat  sinks 
Au  protection  layer 
Nb  blanket 


Cross  Section 


Top  View 


Fig.  3:  self  aligned  fabrication  process  using  a 
Au  protection  layer  and  Au  etch  mask 

In  a first  effort  to  solve  this  problem  we  tried  not  to  use  a protection  layer  at  all. 
Without  a protection  this  leads  to  the  oxidation  of  the  Nb  surface  as  the  wafer  is  exposed 
to  air.  This  oxidation  layer  has  to  be  removed  prior  to  the  deposition  of  the  heat  sinks, 
requiring  an  Ar  sputter  etch.  Unfortunately  this  clean  step  turned  out  to  be  hard  to  control 
due  to  the  small  thickness  of  the  Nb  film.  This  lead  to  irreproducible  DC-characteristics  of 
similar-sized  HEBs  fabricated  in  the  same  batch  showing  contact  resistances  between  1 to 
35  Ohms  and  irregular  resistance  versus  temperature  curves.  Hence,  the  use  of  an  in-situ 
Au  protection  layer  seems  to  be  crucial  for  a good  transparency  of  the  Nb/Au  interface. 
We  chose  to  change  the  material  of  the  etch  mask  from  gold  to  aluminum  (Al)  to  keep  the 
protection  layer,  distinct  from  the  etch  mask,  allowing  different  etch  processes  for  the  two 
layers  with  good  selectivity  [4],  In  the  following  we  describe  the  fabrication  process  that 
now  has  been  established  at  KOSMA  (Fig.  4). 

The  small  lateral  device  dimensions  down  to  (100  x 100)  nm2  for  the  bridge  are 
patterned  by  Electron-Beam-Lithography  (EBL)  while  larger  features  above  1 pm  are 
defined  using  a Karl  Suss  contact  aligner.  For  EBL  we  use  a 496  K PMMA  electron  beam 
resist  of  190  nm  thickness.  All  metals  are  deposited  by  sputtering.  After  the  deposition  of 
the  12  nm  Nb  blanket  layer  and  a protection  layer  of  15  nm  Au  the  heat  sinks  are  defined 
by  EBL,  sputtering  of  70  nm  Au  and  subsequent  lift-off.  In  a subsequent  Ar  sputter  etch 
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the  thin  Au  protection  layer  is  removed,  reducing  the  thickness  of  the  heat  sinks  by  15  nm. 
For  a reproducible  etch  behaviour  it  is  important  to  avoid  intermetallic  diffusion  of  Au 
and  Nb.  To  this  effect  we  introduced  cooling  breaks  during  the  Au  etch  [Tab.  1]  and  keep 
the  temperature  for  baking  the  PMMA  at  low  120  °C. 


Cross  section: 


Au  protection  layer 
Nb  blanket  layer 
z-cut  quartz  substrate 


Top  View: 


a)  Deposition  of  12  nm  Nb  blanket 
layer,  in- situ  protection  with  1 5 nm 
Au  film 


b)  EBL  patterning  and  deposition 
of  70  nm  Au  heat  sinks 


c)  Sputter  etch 
removal  of  1 5 nm 
Au  protection  layer 


d)  EBL  patterning  and  deposition  e)  RLE  removal  of  f)  Removal  of  A1  etch 

of  30  nm  A1  etch  mask  field  Nb  mask  (wet  etch) 


Fig.  4:  Self-aligned  fabrication  process  using  an  A1  etch  mask 

In  the  next  step  the  A1  strip  is  lift-off  defined  by  EBL  and  sputter  deposition.  It  is  used  as 
etch  mask  in  the  subsequent  RIE  to  etch  out  the  bolometer  bridge  by  removing  the 
surrounding  Nb.  After  the  definition  of  the  bridge  the  A1  etch  mask  is  removed  by  a wet 
etch.  We  use  AZ726  photoresist  developer.  RF-sputtered  Si02  is  deposited  subsequently 
as  a protective  coating  to  avoid  degradation  of  the  device  by  oxidation.  The  effect  of 
thermal  cycling  on  the  coating  is  unknown. 
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Material 

Process 

Process  gas 

Pressure 

[Pa] 

Flow 

fseem] 

Power  density 
[W/cm2l 

Duration 

[min:secl 

1 5 nm  Au 

Sputter  etch 

Ar 

4 

8 

1.1 

2x0:30 

(2:00  cooling  break) 

12  nm  Nb 

RIE 

CC12F2/NF3 

4 

6/1.2 

0.13 

30  nm  A1 

Wet  etch 

(AZ726) 

Tab.  1 : Parameter  for  Au,  Nb,  A1  etch 


The  advantage  of  this  process  is  a very  simple  removal  of  the  A1  etch  mask  that  is 
rather  tolerant  against  thickness  variations  of  the  etch  mask.  Additionally,  the  advantage 
of  using  a protection  layer  granting  an  optimum  transparency  of  the  Nb/Au  interface  is 
retained.  This  process  offers  a high  yield  of  70-80  % per  batch.  HEBs  of  a similar  size 
show  similar  RT-characteristics  (Fig.  5). 


Temperature  [K] 

Fig.  5 : RT-characteristics  of  similar-sized  HEBs  on  one  wafer  (0  22  mm),  nominal 
device  dimensions:  240  x 200  x 14  nm3,  Rshcct=  14  - 1 5 ft.  The  spread  in  the  R/T  curves 
is  probably  due  to  small  size  variations  of  the  bolometers. 
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Mixer  mount  and  FTS  measurements 

The  diced  quartz  substrate  carrying  the  device  is  lapped  down  to  a thickness  of 
35  nm  and  mounted  into  a fixed-backshort  waveguide  mixer  optimized  for  performance  at 
800  GHz  [5].  Fig.  6 shows  the  direct  response  spectrum  measured  with  a Fourier 
Transform  Spectrometer  (FTS).  The  instantaneous  bandwidth  from  600  to  980  GHz  of  the 
HEB  response  is  determined  by  the  waveguide  of  the  mixer  block  rather  than  the  device 
itself. 


Fig.  6:  FTS  response  of  bolometer  in  fixed-tuned 
waveguide  mount 


Heterodyne  measurement 

For  the  receiver  measurements  the  LO-signal  is  superposed  with  the  load-signal 
with  a 36  pm  Mylar  beamsplitter.  A 12  Ohm  resistance  is  connected  in  parallel  with  the 
device.  The  IF -output  is  fed  through  a 50  Ohm  coaxial  cable  to  a 1-2  GHz  HEMT- 
amplifier. 

The  device  dimensions  and  DC  characteristics  are  listed  in  table  2. 


Dev.  Dim. 
[nm3] 

m 

mSSm 

■Bn 

■Bn 

240  x 200  x 14 

6.0 

1.0 

230 

15 

12.5 

Tab.  2:  Dimensions  and  DC  characteristics  of  measured  device 
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The  device  was  measured  at  800  and  875  GHz  at  intermediate  frequencies  from 
1-2  GHz.  The  bath  temperature  was  4.2  K.  The  double  sideband  receiver  noise 
temperature  was  determined  by  a standard  Y-factor  measurement.  The  LO  power 
requirement  was  estimated  with  the  isothermal  method  [6].  Best  results  are  summarized  in 
Table  3. 


TRec,  DSB 

Vfjias 

LO  frequency 

LO  power 

[K] 

[mV] 

[GHz] 

[nW] 

1200 

0.7 

804 

21 

1500 

0.7 

875 

21 

Tab.  3:  results  of  receiver  measurement 


Fig.  7 shows  the  LO-pumped  and  unpumped  IV-curve  as  well  as  the  output  power 
for  hot/cold  measurements  at  an  LO-frequency  of  804  GHz  and  an  IF  of  1 GHz. 


T1 

i 

o 

c 

"D 

C 

o 

$ 

CD 


CD 
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The  bias  voltage  of  0.7  mV  was  chosen  for  stability  and  did  not  show  any  significant  shift 
while  changing  the  loads.  Improving  the  stability  of  the  bias  power  supply  should  allow 
biasing  at  a lower  voltage  and  thus  reducing  the  noise  temperature  below  1000  K. 


Conclusion 

We  have  established  a reproducible  self-aligned  fabrication  process  for  diffusion- 
cooled  Hot-Electron  Bolometers  using  A1  as  etch  mask.  The  A1  strip  can  be  removed  very 
easily  by  a wet-etch.  A yield  of  70-80  % per  batch  is  achieved.  First  receiver 
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measurements  resulted  in  a receiver  noise  temperature  (DSB)  of  1200  K at  an  IF  of 
1 GHz. 
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An  Active  Zone  Small  Signal  Model  for  Hot 
Electron  Bolometric  Mixers 

Harald  F.  Merkel,  Pourya  Khosropanah,  K.  Sigfrid  Yngvesson,  Serguei  Cherednichenko,  Matthias 

Kroug,  Aurele  Adam,  Erik  L.  Kollberg 


Abstract — In  this  paper,  the  influence  of  contact  resistance 
between  the  NbN  film  and  the  Au  pads  on  the  formation  of  a hot 
spot  in  superconducting  hot  electron  bolometers  (HEB)  is 
discussed.  Based  on  a one-dimensional  heat  transport  equation 
for  electrons  and  phonons  for  the  steady  state,  a distributed 
small  signal  model  is  derived.  One  finds  that  the  mixing  is 
limited  to  a small  portion  of  the  HEB,  where  the  derivative  of 
the  resistivity  with  temperature  is  significantly  nonzero.  It  is  this 
small  active  zone  which  yields  the  electrothermal  feedback  term, 
not  the  whole  device  resistance  as  in  traditional  small  signal 
models.  Predicted  IF  bandwidth,  receiver  noise  and  conversion 
gain  coincide  very  well  with  experimental  findings. 


Index  Terms — hot  electron  bolometer,  hot  spot, 

electrothermal  feedback,  small  signal  models 

I.  Introduction 

ONE-dimensional  hot  spot  mixer  models  have  been 
proposed  recently  for  diffusion-cooled  [1]  and  for  the 
phonon-cooled  hot-electron  bolometers  (HEB)  [2].  In 
addition  two-dimensional  models  have  been  proposed 
assuming  RF  skin  depth  as  a major  source  of  frequency 
dependent  losses  [3,4].  Here  an  one-dimensional  large  signal 
model  incuding  contact  resistance  is  presented.  From  this 
large  signal  model,  a distributed  small  signal  model  is  derived 
which  indicates,  that  only  the  zones,  where  the  local  resistivity 
of  the  bolometer  has  a significant  temperature  derivative 
contribute  to  the  conversion  gain. 

As  discussed  in  [3],  hot-spot  models  provide  reasonable 
predictions  of  the  IV  curves  - at  least  for  moderate  and  high 
bias  voltages.  There  are  discrepancies  for  small  bias  voltages, 
where  the  IV  curves  in  the  hot  spot  model  have  a tendency  to 
be  too  resistive.  A possible  explanation  is,  that  the  absorbed 
radio-frequency  (RF)-heating  power  is  not  used  efficiently  for 
small  bias  voltages.  This  can  possibly  be  explained  by  taking 
the  contact  resistance  of  the  NbN  layer  to  the  gold  antenna 
pads  into  account:  The  superconducting  NbN  film  in  devices 
made  at  Chalmers  extends  under  the  whole  antenna  structure 
including  ground  planes  and  CPWs.  So  it  is  well  justified  to 
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assume  that  IF-  and  DC  current  flows  exclusively  in  the 
superconducting  NbN  layer.  This  stands  in  contrast  to  the  RF 
current  with  a frequency  close  to  the  quasiparticle  bandgap 
(for  600GHz  and  4.2K  operation  temperature)  or  far  above 
the  gap  (for  1 .6THz).  Almost  the  whole  RF  current  flows  in 
the  thick  Au  top  layer  except  in  the  vicinity  of  the  NbN 
bridge  where  the  RF  current  has  to  be  squeezed  into  the  NbN 
layer.  Given  a certain  contact  resistance  and  contact 
capacitance,  a transfer  region  is  defined  in  which  the  current 
crosses  over  from  the  Au  pads  to  the  NbN  film.  The  region  to 
be  taken  for  the  integration  of  the  heat  balance  relations  must 
therefore  extend  under  the  Au  pads.  Adding  terms  for  the 
thermal  capacity  of  the  electrons  and  assuming  a small  time- 
dependent  change  of  the  temperature  around  an  operating 
point  results  in  a time-dependent,  one-dimensional  integro- 
differentia!  small  signal  model.  This  model  depends  on  the 
local  temperature  as  well  as  on  the  electrothermal  feedback 
where  the  element  as  a whole  interacts  with  the  load 
resistance.  In  previous  papers  this  cumbersome  step  was 
avoided  and  small  signal  parameters  were  derived  based  on 
the  total  differential  of  the  resistance  with  respect  to  heating 
powers  in  the  operating  point.  These  traditional  small  signal 
models  show  a conversion  gain  of  the  order  lOdB  too  high 
[7]  and  various  contermeasures  have  been  proposed  to 
explain  or  avoid  this  discrepancy  ranging  from  empirical 
correction  factors  of  the  RF  heating  efficiency  or  the 
influence  of  RF  skin  effect  [4].  For  600  GHz,  RF  skin  depth 
is  far  too  weak  to  explain  the  measured  gain  data  [3].  In  this 
paper,  focussing  on  data  at  600GHz,  an  one-dimensional 
linearized  small  signal  relation  for  a small  temperature  change 
profile  is  set  up.  Transforming  this  differential  equation  from 
a small  temperature  to  a resistance  change,  allows  to  restrict 
the  differential  equation  to  parts  of  the  HEB  bridge  close  to 
the  critical  temperature,  where  a small  heating  power  change 
results  in  a significant  resistance  change.  Hence  only  regions, 
where  the  derivative  of  the  (local)  resistivity  with  electron 
temperature  is  nonzero  contribute  in  conversion  gain.  These 
regions  are  called  “active  zones”.  The  remaining  part  of  the 
bolometer  bridge  is  a passive.  It  acts  merely  as  a constant 
parasitic  series  resistance.  The  solution  of  the  small  signal 
differential  equation  can  be  restricted  to  the  active  zones  only. 
The  active  zones  in  a HEB  are  then  treated  as  lumped 
elements  in  series  with  a passive  series  resistance.  It  is 
important  to  note,  that  there  are  two  inherently  different 
modes  of  operation  for  the  HEB  - for  small  heating  powers, 
the  center  temperature  does  not  exceed  the  critical 
temperature  significantly  giving  rise  to  a single  active  zone  on 
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the  center  of  the  HEB.  For  larger  heating  powers,  a normal 
conducting  hot  spot  forms  acting  as  a passive  series 
resistance:  At  the  boundary  between  the  normal  conducting 
hot  spot  and  the  superconducting  rest  of  the  bridge,  two 
independent  active  zones  are  formed. 

This  splitting  of  the  bolometer  bridge  in  a small  active  part 
and  a parasitic  series  resistance  is  also  reflected  in  the  form  of 
the  expressions  for  electrothermal  feedback:  Instead  of  the 
“usual”  term  proportional  to  (RL-Rd/(Ri+Ra)  where  RL  stands 
for  the  load  resistance  and  RB  for  the  resistance  of  the  HEB  in 
its  operating  point,  the  electrothermal  feedback  term  becomes 
proportional  to  (RL+  RB  -r)/(RL+RB+r)  where  r is  the 
resistance  in  the  active  zone.  This  agrees  much  better  with 
measured  results  than  the  traditional  relation.  Another 
consequence  of  the  Active  Zone  model  is  in  the  mechanisms 
of  RF-  and  bias  power  absorption:  For  the  large  signal  model 
it  is  obvious  that  the  dc  bias  power  (oscillating  at  the  IF 
frequency  at  maximum)  is  only  absorbed  where  the  film  is 
normal  conducting  or  whenever  the  critical  current  of  the  film 
is  exceeded.  (The  latter  is  usually  not  the  case  in  the  operating 
points  of  interest,  critical  current  effects  are  therefore  not 
treated  in  this  model.)  RF  power  is  absorbed  uniformly  across 
the  bridge  - its  frequency  is  above  the  local  quasiparticle 
bandgap.  This  led  to  the  definition  of  different  heating 
efficiencies  CBc  and  CBF  in  former  Hot-Spot  models.  Now 
there  is  no  difference  in  the  small  signal  heating  efficiency  for 
RF  and  DC  signals  in  the  active  zones  - the  active  zone  being 
close  to  the  critical  temperature  provides  always  a very  low 
quasiparticle  bandgap  which  allows  uniform  RF  absorption  (in 
the  active  zone),  for  DC  absorption,  the  local  critical  current 
is  always  exceeded.  Nevertheless,  treating  the  HEB  as  a 
"black”  box,  different  heating  efficiencies  for  RF  and  DC  will 
be  found:  In  the  case  of  RF  power,  only  the  fraction  of  the 
power  is  used  for  mixing,  which  is  absorbed  by  the  active 
zone.  The  same  applies  to  DC  power  - only  the  power 
absorbed  in  the  active  zone  is  relevant  for  mixing.  If  there  is 
only  a single  active  zone  (surrounded  by  superconducting 
material)  the  whole  DC  power  has  to  be  taken  into  account. 
For  two  active  zones,  the  situation  is  different,  there  DC 
power  is  also  absorbed  (and  wasted)  in  the  hot  spot  core,  the 
relevant  DC  power  is  only  the  fraction  given  by  the  ratio  of 
the  integrated  resistance  of  the  active  zones  divided  by  the 
whole  resistance  in  the  operating  point. 

The  paper  is  structured  as  follows:  First,  a large  signal,  steady 
state  hot  spot  model  will  be  set  up.  This  model  serves  as  a 
base  for  the  derivation  of  a time-dependent  distributed  small 
signal  model.  The  latter  is  approximated  by  the  active  zone 
model.  Expressions  for  the  heating  efficiencies,  the 
electrothermal  feedback  term,  the  conversion  gain,  the  IF  gain 
bandwidth  based  on  the  new  model  are  derived.  Finally, 
theoretical  findings  and  experiment  are  compared. 

II.  Steady  State  Large  Signal  Model 

The  steady  state  large  signal  model  consists  of  two  parts:  the 
first  part  solves  for  the  RF  and  DC  current  distribution  in  the 
NbN  film  and  the  Au  pads.  It  results  in  a concentrated  RF 


heating  in  the  HEB  bridge  and  a decaying  “tail”  under  the  Au 
pads.  Therefore  even  above  the  quasiparticle  bandgap  the  RF 
power  absorption  in  the  NbN  film  is  not  homogenous.  Its 
distribution  is  then  inserted  in  the  heat  balance  relation  which 
is  solved  for  the  electron  temperature  profile  along  the  HEB 
bridge.  It  is  important  to  know,  that  for  “very  bad”  contacts 
(with  very  low  electron  transparence)  the  RF  current  transfer 
region  becomes  large  up  to  several  micrometers.  At  the  same 
time,  the  parameters  for  the  electron  conduction  term  are  not 
influenced  by  the  top  layer.  The  situation  is  different  for 
“good”  contacts:  Now  the  electron  transparency  is  high, 
shortening  the  current  transfer  region  to  some  nanometers  and 
increasing  the  electron  cooling  under  the  antenna  pads.  This 
process  is  associated  with  a proximity  effect  reducing  the 
critical  temperature  under  the  pads.  This  effect  is  easily  seen 
as  a “two  step  transition”  in  the  R(T)  curve  [ 1 ] which  has  not 
been  observed  for  NbN  HEB.  Hence  the  NbN-Au  contacts 
seem  to  be  of  the  “bad”  type  and  the  model  focuses  on  this 
case  assuming  the  electron  conductivity  to  be  constant  and 
assigning  a constant  critical  temperature  to  the  NbN  film  all 
over  the  modeled  structure. 

1)  Contact  resistance 

In  addition  to  the  resistance  of  the  Au  pads  and  the  resistance 
of  the  NbN  film,  there  is  a detrimental  contact  resistance 
between  these  two  metals.  In  order  to  enhance  contact 
adhesion,  a Ti  layer  is  sputtered  on  top  of  the  NbN  film.  This 
film  acts  in  the  worst  case  as  a capacitive  layer.  Discretising 
the  structure  in  a lumped  element  equivalent  circuit  one 
arrives  at  the  circuit  problem  depicted  in  Figure  1 : 


Au  pads 


Fig.  I : Equivalent  lumped  element  circuit  for  the  contact  resistance  problem. 

This  equivalent  circuit  must  be  solved  for  RF  currents  and  DC 
current  separately  due  to  difference  in  the  capacitive  coupling 
being  negligible  for  DC  and  IF  and  very  important  for  RF.  IF 
and  DC  currents  flow  only  in  the  gold  layer,  when  the  NbN 
film  is  heated  strongly  and  turned  normal  conducting  locally. 
The  RF  current  “sees”  a normal  conducting  NbN  film  since 
the  RF  frequency  is  far  above  the  quasiparticle  bandgap.  As  a 
consequence,  far  away  from  the  HEB  bridge,  the  whole  RF 
current  is  transported  by  the  thick  Au  film  providing  a series 
resistance  two  orders  of  magnitude  lower  than  the  thin  NbN 
film.  Nevertheless,  the  RF  current  must  enter  the  NbN  film  at 
a certain  place  - at  least  in  the  bridge,  all  currents  have  to 
flow  in  the  NbN  film.  This  current  transfer  takes  place  in  a 
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characteristic  length,  referred  to  as  “transfer  length”. 
Integration  of  the  model  differential  equation  has  to  extend  at 
least  over  the  bridge  and  these  transfer  lengths.  It  is  most 
convenient  to  solve  the  above  current  problem  in  terms  of  the 
fraction  of  current  flowing  in  the  NbN  called  n,  where  i 
denotes  the  index  of  the  current  loop  i.  In  total  there  are  N 
such  current  loops,  1 located  at  the  beginning  of  the  metal 
pad,  N deep  under  the  pad.  With  a contact  impedance  Zc  , a 
gold  pad  (RAu)  and  NbN  (Rmn)  impedance  per  length  segment 
A,  one  has  to  solve  the  following  recurrence  relation  for  all  n, 


«,  = «/♦!  +»*-!- 


>-‘+2 


(1) 


The  values  inserted  for  the  resistance  of  the  gold  layer  for  R F 
calculations  take  the  RF  skin  depth  (30nm  at  ITHz  at  200nm 
total  thickness)  into  account  by  assuming  the  total  current  to 
flow  in  a layer  of  twice  the  RF  skin  depth.  A typical  result  of 
the  current  distribution  for  several  contact  resistances  for 
600GHz  for  35 A thick  NbN  films  on  MgO  is  depicted  in 
Figure  2.  No  significant  change  due  to  the  capacitance  caused 
by  the  Ti  layer  could  be  observed  (varying  the  effective  plate 
distance  in  the  Ti  layer  from  lA  to  5nm  for  600GHz  to 
2.5THz ). 


Fig.  2:  Fraction  of  the  RF  current  flowing  in  the  NbN  layer  for  contact 
resistances  ranging  from  5pQ/m2  to  5nI2/m2  for  600GHz.  The  calculations 
have  been  performed  for  a 35 A thick  NbN  films  covered  by  a 1 OOnm  thick  Au 
layer  and  a 5nm  thick  Ti  layer 


The  above  current  distribution  (and  resulting  RF  heating 
distribution)  is  used  in  the  subsequent  heat  balance: 


2)  Heat  balance 

For  an  one  dimensional  HEB,  the  heat  balance  equations  for 
the  quasiparticles  and  for  phonons  becomes: 


- £ Mrc  )£  T.  (x,  y)  + aelec,ron  \t  (*,  y )3  6 - Tph  (x,  yf 6 ]= 
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electron  IT  T ph  . ~ & phonon  IT  ph  ^ bath  J (h 


Here  Te,  Tph  and  Tbath  are  the  electron,  phonon  and  bath 
temperature.  The  HEB  bridge  width  is  denoted  by  W , the 
thickness  is  T and  L stands  for  the  length  of  the  analyzed 
structure  and  x is  the  coordinate  in  length  direction.  The 
current  density  in  the  bridge  is  denoted  by  j and  the  resistivity 
is  p.  In  (3)  phonon  diffusion  is  neglected.  The  electron- 
phonon  cooling  efficiency  cr£,/tr/TO„  and  phonon  escape  <Jphonon 
are  found  in  [5].  The  electron  diffusion  data  are  taken  from 
[3,4,6].  Eliminating  the  phonon  temperature  approximately, 
one  is  left  with  a nonlinear  ordinary  integro-differential 
equation  (in  the  case  of  voltage  biasing  ): 
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In  the  above  relations,  2j(T)  denotes  the  electron  thermal 
conductivity,  <7  is  the  effective  electron-phonon  cooling 
efficiency.  L is  the  length  of  the  whole  HEB  structure 
(including  the  RF  current  transfer  zones  under  the  pads),  its 
width  is  given  by  W and  the  film  thickness  by  H.  The  bias 
voltage  is  V0 , p(T)  denotes  the  film  resistivity. 

III.  Time  Dependent  Linearised  Small  Signal  Model 


Calculating  the  temperature  profile  in  a one-dimensional  HEB 
bridge  during  mixing,  the  RF  heating  term  will  consist  of  a 
large  constant  LO  heating  part  and  a small  time  varying  “beat 
term”  at  the  intermediate  frequency.  This  heating  power  is  fed 
into  a time  dependent  heat  balance  relation  taking  thermal 
capacitance  effects  into  account. 


~!7'--sA<r-+o1 


rp  3 .6  _ , 


bath,eff 


PL0{x)+2jPL0{x)Pse" 


LWH 


■p(Tcth 


+ \e 


(5) 


Knowing  a temperature  distribution  which  fulfils  the  large 
signal  model  T0(x),  heated  by  the  a time  averaged  LO  power,  a 
small  variation  x(t)  around  this  “operating  point”  temperature 
profile  oscillating  at  the  IF  frequency  co  is  modeled  as: 
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TM=T0{x)  + r{ty°*  (6) 

Inserting  this  relation  in  the  above  differential  equation  and 
linearizing 

r36  = r036(x)+  3.67’“T(r)e'"  (7) 

a first  order  small  signal  model  is  obtained  in  Fourier  space 
where  pDc  denotes  the  small  signal  DC  power  absorbed  in  the 
HEB  and  the  thermal  conductivity  X and  the  resistivity  p 
depend  still  on  the  large  signal  temperature  profile: 

+ icocT — — A— r + 2.6  cfTeX6r- 

(8) 

_ PL0(x)Ps  ^ pDC 
LW'H  LWH 

IV.  The  Active  Zone  Model 

Further  insight  in  the  above  relation  is  obtained  by  replacing 
the  small  signal  temperature  profile  by  the  small  signal 
resistivity  change  profile  p of  the  structure  : 

t-  fcr  (9) 

k 


Formally  multiplying  (8)  with  the  derivative  of  the  local 

resistivity  (I&i  n shorthand  notation)  and  after  some 
manipulations  one  obtains  a differential  equation  for  the  small 
signal  resistivity  change,  where  the  dependence  of  the  thermal 
conductivity  on  the  large  signal  electron  temperature  and 
therefore  on  x has  been  neglected: 

a2#- 


+ /fip-A^jP+2yl^— + A-^-p  + 2.6Of,,V6p=(i0) 


ax2 

^PLO(x)Ps 
LWH  ' LWH 
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Obviously  the  RHS  of  the  above  relation  is  only  nonzero, 
where  the  resistivity  change  with  the  large  signal  temperature 
is  appreciable  i.e.  around  the  critical  temperature.  Small  signal 
power  dissipated  elsewhere  along  the  HEB  does  not  yield  a 
contribution  to  the  small  signal  resistivity  change  and 
therefore  does  not  produce  conversion  gain.  Hence  it  is  only 
necessary  to  evaluate  the  above  relation  in  the  region,  where 

jft  s nonzero.  This  region  is  referred  to  as  the  “active  zone” 
of  the  bolometer.  There  are  two  different  regimes  of  operation 
for  a hot-electron  bolometer:  For  a very  small  hot  spot,  there 
will  be  a single  active  zone.  If  the  hot  spot  grows,  the  zone 
will  split  and  two  distinct  zones  around  the  hot-spot  boundary 
will  form. 

Inspection  of  the  three  diffusion-related  terms  in  the  LHS  of 
(10)  one  finds  a differential  diffusion  term  (which  has  the 
same  form  as  the  large  signal  diffusion  term).  This  term  is 


reduced  by  a term  depending  on  the  x-derivative  of 
Assuming  a single  active  zone,  the  x-derivative  of  the  (large 
signal)  temperature  will  be  very  small  allowing  to  neglect  this 
term.  For  two  distinct  hot  spots,  there  will  be  indiffusion  of 
electrons  into  the  active  zone  from  the  “hot”  side  which  is  in 
principle  outbalanced  by  outdiffusion  towards  the  “cold”  side 
of  the  active  zone.  This  becomes  obvious  by  assuming  a 
constant  (large  signal)  temperature  slope  across  the  active 

zone  and  taking  into  account  that  at  first  order 

symmetric  to  the  hot-spot  boundary.  The  last  diffusion- 
related  term  accounts  for  electrons  being  directly  removed  to 
the  antenna  pads  leaving  reducing  the  contribution  of 
diffusion  cooling  close  to  the  pads.  This  term  is  very  small  in 
NbN  bolometers  but  may  be  important  in  Nb  or  A1  HEBs. 
Neglecting  the  small  diffusion  terms  in  (9)  and  assuming  the 

local  resistivity  derivative  #to  be  constant  ( 1$%^  /2 ) within 
the  active  zone  with  length  A and  assuming  that  the  small 
signal  resistivity  change  profile  p is  limited  to  the  active 
zone  one  arrives  at  an  algebraic  equation  for  the  small  signal 
resistivity: 


+ iGC+—^—+2.6oT,}6 
2 A2 


r--2jPL0{x)Ps 

« N + Ji_ 

LWH  Ra 


P DC 

LWH 


(11) 


In  the  above  relation,  r denotes  the  resistance  of  the  active 
zone,  Rb  is  the  resistance  of  the  HEB  structure  in  its  steady 
state  operating  point  and  RN  is  the  normal  resistance,  seen  by 
the  RF  current.  It  has  been  taken  into  account,  that  the  RF 
beating  term  is  absorbed  along  the  whole  structure  and  only 
the  part  actually  absorbed  in  the  active  zone  plays  a role  for 
the  small  signal  approach  and  that  the  DC  power  (also  at  IF 
frequency)  is  absorbed  only,  where  the  NbN  film  becomes 
normal  conducting.  The  rest  of  the  HEB  not  belonging  to  the 
active  zone  acts  as  a passive  load  and  the  power  absorbed 
there  does  not  affect  the  small  signal  conductivity  and  is 
therefore  wasted.  For  the  resistivity  as  a function  of  the  IF 
frequency  one  obtains: 
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„ * 2jPLO 

*N 

LWH 


t r P DC 

Rb  L W H 


+ icoc  + 


A 

A2 


+ 2.6  oTA 


A (12) 


For  the  active  zone  model,  the  small  signal  equivalent  circuit 
is  depicted  in  Figure  3 : 
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Fig.  3:  Small  signal  circuit  for  the  active  zone  mode:  The  heating  power 
sensitive  active  zone  resistor  r(p)  is  in  series  with  the  resistance  of  the  passive 
rest  of  the  HEB  RB.  The  HEB  is  in  parallel  with  a load  resistance  Ri.  The  bias 
current  is  h- 

From  this  equivalent  circuit,  the  dc  power  dissipated  in  the 
active  zone  as  a function  of  the  small  signal  resistance  change 
is  obtained 
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-2.6&T; 


(14) 


For  such  a circuit,  the  well  known  “electrothermal  feedback  ” 
term  (ETF)  for  IF  frequencies  far  above  the  RC-time  constant 
set  up  by  the  load  resistance  and  the  DC  block  capacitance 
becomes : 


ETF  = 


l-c. 


J 2 &L  ^ B r 

: 0 RL+RB+r 


(15) 


As  expected,  it  is  only  the  active  zone  resistance  r which  fed 
back  by  the  sum  of  the  passive  zones’  and  the  load  resistance. 
Taking  care  about  the  changed  circuit  topology,  one  obtains 
somewhat  changed  relations  for  the  conversion  gain,  the  IF 
gain  bandwidth  and  as  a consequence  even  for  the  noise 
properties.  Nevertheless,  the  noise  relations  being  already 
based  on  a one-dimensional  approach  are  taken  directly  from 
[7].  The  mixer  time  constant  is  prolonged  by  electrothermal 
feedback  (15): 
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electron  energy  relaxation 
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Here  r denotes  the  power  dependent  resistance  of  the  active 
zone,  A is  the  length  of  the  active  zone  and  p is  the  small 
signal  change  of  the  resistivity  in  the  active  zone  as  discussed 
before. 

This  relation  is  inserted  in  (12)  and  yields  the  small  signal 
resistance  response  of  the  HEB  under  the  influence  of 
electrothermal  feedback  from  which  all  other  small  signal 
parameters  are  calculated. 

In  order  to  be  able  to  compare  this  model  with  traditional 
small  signal  models,  the  heating  efficiencies  (with  respect  to 
DC  power  and  RF  power  on  an  active  zone  with  length  A ) are 
obtained  as  partial  derivatives  from  (12): 

r_  A jjL 
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This  time  constant  is  required  for  the  conversion  gain  as  a 
function  of  IF  frequency: 
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In  the  following,  IV  curves  obtained  by  solving  a large  signal 
model  containing  contact  resistance  and  gain,  noise  and 
bandwidth  curves  obtained  using  the  active  zone  model  are 
summarized  and  compared  with  measurements. 
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V.  Comparison  with  Experiment 

Assuming  a contact  resistance  of  25 p£l/m2  one  obtains  a 

(90%)  current  transfer  zone  extending  1 jam  under  the  antenna 
pad.  Solving  the  large  signal  model  under  these  conditions, 
one  obtains  TV  curves  for  different  RF  heating  power  levels. 
Figure  4 summarizes  measured  IV  curves  and  calculated  ones 
for  a device  with  the  same  geometry. 


measured  curves  are  dots  connected  with  solid  lines;  the  calculated  curves 


are  dashed. 


Based  on  these  results,  the  RF  heating  efficiency  Crf  is 
obtained  by  solving  the  small  signal  relation  for  the  resistivity 
shown  in  Figure  5.  One  observes  a sharp  peak  for  the  RF 
heating  efficiency  where  a hot  spot  is  formed  . 


V mV 


Fig.  5 RF  heating  efficiency  for  LX)  heating  powers  ranging  from  lOOnW  to 
250nW  in  steps  of  25nW  for  device  M2-1 . The  calculated  points  correspond 
to  the  points  from  Fig. 4.  (Ed  note:  vertical  scale  is  Crf(ohms/nW)) 

Fig.  6 depicts  the  fraction  of  RF  power  absorbed  in  the  active 
zone  related  to  the  total  small  signal  RF  power  absorbed  in 
the  HEB  structure.  There  are  clearly  two  distinct  regions  - 
one  where  the  RF  fraction  increases  monotonically  (here  only 
a single  active  zone  is  present  and  the  hot  spot  is  small)  and 
another,  where  the  RF  power  fraction  decreases  (and  two 
separated  active  zones  are  found  on  the  FIEB). 


Fig.  6 Fraction  of  RF  power  absorbed  in  the  active  zonefs)  LO  heating 
powers  ranging  from  lOOnW  to  250nW  in  steps  of  25nW  for  device  M2-1. 
The  calculated  points  correspond  to  the  points  from  Fig.4  and  5. 


The  calculated  and  experimentally  obtained  conversion  gain 
at  1.5GHz  is  shown  in  Fig.  7.  For  the  experiments,  the 


Fig.  7 Conversion  loss  as  a function  of  bias  current  and  LO  power  for  the 
device  M2-1.  The  measured  and  calculated  points  correspond  to  the  points 
from  Fig.  4 through  6. 


For  an  intrinsic  bandwidth  of  5.5GHz  one  obtains  an  IF 
bandwidth  as  a function  of  bias  voltage  and  LO  power  as 
follows.  Observe  the  “peaks”  of  the  bandwidth,  where  the 
active  zone  splits. 
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Fig.  8 IF  bandwidth  for  device  M2-1 . The  measured  points  are  obtained  for 
the  points  with  the  best  noise,  the  best  gain  and  the  best  IF  gain  bandwidth. 
The  measured  receiver  noises  (including  optics  losses)  are  indicated. 
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For  the  device  output  noise  one  assumes  the  HEB  to  “see”  a 
room  temperature  load  at  its  input.  This  is  not  really  true, 
since  at  least  a fraction  a of  the  optical  losses  are  cold  losses. 

For  the  output  noise  temperature  one  obtains  where  T°*!sc 
denotes  the  output  noise,  TFFn  the  Thermal  fluctuation  noise 

at  the  output  and  T°“f  denotes  the  Johnson  noise  at  the 
output: 

T-L  = TZ  + 7T  + 2 X [295a  + 10(l  - a)]x  G (18) 

The  (overestimated)  output  noise  assuming  295K  at  the  input 
and  oc=l  is  shown  in  Figure  9. 


VI.  Conclusion 

Besides  the  influence  of  contact  resistance  between  the  Au 
pads  and  the  NbN  film,  a new  small  signal  model  for  a hot- 
electron  bolometric  mixer  is  presented.  The  model  uses  the 
fact,  that  only  a small  part  of  the  HEB  bridge  actually  takes 
part  in  the  conversion  and  mixing  process.  Therefore  the 
small  signal  power  absorbed  in  other  regions  of  the  HEB  is 
wasted  reducing  the  obtained  conversion  gain.  For 
measurements  at  600GHz,  theoretical  and  experimental 
results  show  excellent  coincidence  improving  the  prediction 
capability  of  hot  spot  models  considerably. 


VII.  References 


V mV 

Fig.  9 Total  Output  Noise  for  the  device  M2-1  where  the  losses  are  at  295K., 
optical  losses  of  3.5  dB  have  been  subtracted. 
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where  TIF  is  the  noise  contribution  from  the  low  noise  IF 
amplifier  (=7  K)  and  G is  the  conversion  gain.  The  results  are 
indicated  in  Fig  10: 


Fig.  10  Total  Receiver  Noise  for  the  device  M2-1.  For  the  optimum  point  a 
receiver  noise  of  about  600K  is  measured.  In  the  measurement  data,  optical 
losses  of  3.5dB  have  been  subtracted,  the  IF  amplifier’s  noise  temperature  is 
7K. 
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Generation 
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Abstract 


Existing  transit  time  devices  such  as  IMPATT  and  TUNNETT  diodes  are 
based  on  semiconductor  structures.  These  devices  have  transit  times  and 
operating  frequencies  that  are  limited  by  the  saturated  velocity  in  the  semi- 
conductor material,  the  physics  of  carrier  injection,  the  dielectric  constant 
and  the  critical  field  for  breakdown..  The  combination  of  a transit  time  and 
a capacitive  reactance  that  scales  with  frequency  results  in  a power  and  fre- 
quency scaling  law  of  the  form  Prf  x f2  oc  Cmat€rial,  where  C material  is  a 
constant  that  depends  on  the  material  parameters.  An  ideal  device  would 
have  ballistic  carriers  and  a relative  dielectric  constant  equal  to  1.  This  is 
the  basis  of  the  proposed  Ballistic  Tunneling  Transit  Time  Device  (BT3D), 
a new  transit  time  device  with  a vacuum  drift  region  and  a tunneling  injec- 
tor. The  design  and  performance  of  this  new  device  will  be  described  in  this 
paper. 


I.  Introduction 


Local  oscillator  sources  are  a key  component  of  submillimeter  and  THz  sys- 
tems. Fundamental  semiconductor  sources  such  as  Gunn  and  IMPATT  de- 
vices are  available  at  lower  frequencies.  Harmonic  multiplier  chains  using 
semiconductor  varactor  diodes  can  produce  modest  amounts  of  power  at  THz 
frequencies.  Optical  sources  based  on  photoconductive  mixing  of  two  locked 
lasers  are  under  investigation.  Gas  lasers,  although  large  and  complex,  can 
produce  milliwatts  of  power  over  the  desired  THZ  frequency  band.  However, 
these  existing  sources  have  limitations  for  space  based  applications.  The 
solid  state  electronic  and  optical  sources  do  not  yet  produce  enough  power 
to  pump  Schottky  diode  mixers  and  barely  produce  the  required  power  for 
HEB  mixers.  The  gas  lasers  are  too  large  and  require  too  much  prime  power 
for  space  based  applications.  An  alternative  source  is  needed.  In  this  paper 
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we  propose  the  Ballistic  Tunneling  Transit  Time  Device  ( BT3D ),  a vacuum 
based  alternative  to  conventional  transit  time  devices.  The  device  structure 
and  dimensions  will  be  discussed  in  the  next  section.  Section  III  will  describe 
a simple  computer  simulation  to  investigate  the  power  and  frequency  char- 
acteristics of  these  new  devices.  Several  micromachined  approaches  to  the 
fabrication  will  be  discussed  in  Section  IV.  A brief  summary  and  conclusions 
will  be  given  in  Section  V. 


II.  Ballistic  Tunneling  Transit  Time  Devices (BT3D) 


Conventional  semiconductor  transit  time  devices  are  limited  by  saturated  ve- 
locities and  carrier  injection  physics.  The  resulting  tradeoff  between  available 
power  and  frequency  is  of  the  form  PaVaHabte  x f2  oc  C material:  where  C material 
is  a constant  that  depends  on  material  parameters  such  as  the  saturated  ve- 
locity, dielectric  constant  and  critical  electric  field  for  breakdown.  A vacuum 
is  an  ideal  drift  region  with  a carrier  velocity  that  is  ballistic  rather  than 
saturated,  a relative  dielectric  constant  of  1 and  a very  high  breakdown  field. 
This  is  the  basis  of  the  Ballistic  Tunneling  TVansit  Time  Device  ( BT3D ) to 
be  discussed  in  this  paper.  An  ideal  structure  is  shown  in  Fig.l  a.  The  device 
is  a diode  with  a micromachined  field  emitter  cathode,  a drift  region  and  a 
collecting  anode,  all  sealed  in  a vacuum.  This  small  structure  is  mounted 
across  a waveguide  as  shown  in  Fig.  lb.  A voltage  is  applied  through  a bias 
circuit  that  provides  RF  isolation.  The  applied  voltage  combined  with  the 
device  dimensions  will  set  up  an  electric  field  across  the  drift  region.  If  proper 
magnitude  DC  and  RF  fields  are  present  at  the  cathode,  field  emission  will 
occur  at  the  cathode  tips.  These  carriers  will  be  accelerated  across  the  drift 
region  and  collected  at  the  anode.  The  acceleration  and  resulting  transit 
time  will  depend  on  the  applied  voltage  and  the  dimensions.  With  a proper 
design  this  transit  time  effect  can  produce  RF  power.  The  combination  of 
the  drift  region  length  and  the  bias  voltage  will  determine  the  operating  fre- 
quency of  the  device.  If  we  assume  a transit  time  equal  to  the  inverse  of  the 
frequency,  then  we  can  find  the  required  voltage  vs.  drift  region  length  for 
different  frequencies.  This  is  shown  in  Fig.  2.  The  voltages  and  dimensions 
for  THz  structures  are  within  the  ranges  that  can  reasonably  be  fabricated 
with  micromachining  techniques. 

The  next  step  is  to  investigate  the  transit  time  characteristics  of  this  ballistic 
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structure.  An  ideal  semiconductor  transit  time  device  has  carriers  traveling 
at  a constant  saturated  velocity.  The  resulting  induced  current  waveform  is 
rectangular,  with  a starting  phase  9inj  at  the  injection  angle  and  a width  0d 
equal  to  the  drift  angle.  The  BT3D  carriers  will  have  a constant  acceleration 
so  the  resulting  induced  current  is  triangular,  again  starting  at  the  injection 
angle  6inj  with  a drift  angle  6d.  This  form  of  the  device  injected  current  can 
be  used  to  estimate  the  available  power  and  frequency  response  for  various 
BT3D  designs.  However,  a more  realistic  analysis  depends  on  the  properties 
of  the  cathode  injector. 

The  cathode  is  a field  emitter  with  a current  vs.  voltage  characteristic  that 
depends  on  the  electric  field  at  the  tip,  the  geometry  of  the  tip  and  the  prepa- 
ration of  the  surface.  The  properties  of  the  cathode  are  critical  to  the  device 
performance.  However,  the  basic  form  of  the  cathode  current  is  an  exponen- 
tial dependence  on  the  voltage  or  the  cathode  field,  with  the  peak  current 
occurring  at  the  tr/2  phase  point.  We  can  write  a computer  simulation  to 
obtain  the  injected  and  induced  currents  for  a range  of  RF  conditions.  The 
analysis  is  more  complex  than  a corresponding  semiconductor  transit  time 
device.  In  a semiconductor  all  the  carriers  within  the  drift  region  have  the 
same  velocity,  and  the  induced  current  can  be  obtained  by  integrating  over 
the  charge  within  the  device.  For  a BT3D  the  carrier  acceleration  is  constant 
and  the  velocity  depends  on  the  amount  of  time  the  carriers  spend  in  the  drift 
region.  A double  integration  over  time  and  injection  angle  is  needed  to  obtain 
the  induced  current.  A computer  simulation  has  been  written  to  investigate 
this  problem.  The  simulation  predicts  the  large  signal  induced  current  wave- 
form of  the  device.  The  ratio  of  the  Fourier  components  of  the  fundamental 
RF  current  and  the  RF  voltage  gives  the  device  admittance.  This,  along  with 
the  RF  voltage,  the  embedding  impedance  and  the  parasitic  resistance  gives 
the  available  power  into  a matched  load.  This  information  can  then  be  used 
to  investigate  a variety  of  device  structures,  bias  conditions  and  operating 
frequency  ranges.  Some  example  calculations  will  be  discussed  in  the  next 
section. 


III.  Example  Performance  Calculations 


This  section  will  describe  BT3D  performance  for  a range  of  bias  conditions 
and  operating  frequencies.  However,  before  discussing  the  simulation  results, 
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it  is  interesting  to  look  at  a simple  approximation  for  the  device  performance. 
The  injected  current  waveform  for  constant  DC  current  density  and  a varying 
RF  voltage  is  shown  in  Fig.  3.  Although  the  details  of  the  injected  current 
will  depend  on  the  physics  of  the  cathode,  the  general  form  is  a sinusoidal 
waveform  at  small  RF  voltages  that  quickly  becomes  a sharp  pulse  around 
7r/2  for  larger  RF  voltages.  The  resulting  induced  current  waveform  under 
sharp  pulse  operating  conditions  will  have  a fundamental  Fourier  component 
that  is  ex  Jdc  and  is  independent  of  the  RF  voltage.  The  device  conductance, 

G electronic  > will  be 

G electronic  ^ T}  > (i) 

V rf 


and  the  RF  power  will  be 


Prf  OC  G electronic  ^ ^rf  ^ JdcVrf . (2) 

The  available  RF  power  depends  on  the  DC  current  density  and  the  RF 

voltage.  From  this  approximate  large  signal  model  for  BT3D  operation  we 
can  make  some  predictions  about  the  power  and  frequency  response  that  we 
can  expect.  First  consider  the  small  signal  G-B  plots  for  a BT3D  with  a 
design  center  frequency  of  1 THz  operating  over  a frequency  range  between 
700  and  1300  GHz  with  a DC  current  density  between  100  and  500  A /cm2. 

The  corresponding  small  signal  G-B  plot  is  shown  in  Fig.  4.  This  figure 

shows  many  of  the  basic  characteristics  of  this  device.  The  device  has  a 
conductance  that  depends  on  the  DC  current  density.  Reasonable  current 
densities  will  be  needed  to  obtain  useful  powers  and  to  match  the  device  to 
an  external  circuit.  Second,  the  device  has  a very  broad  bandwidth,  600  GHz 
in  this  case  for  a 1 THz  center  frequency.  Finally,  the  device  has  an  excellent 
-Q  compared  with  conventional  semiconductor  transit  time  devices.  The  will 
allow  easier  matching  and  reduce  the  effect  of  parasitic  resistance.  The  -Q 
value  for  the  500  A /cm2  case  is  nearly  1.  Next  consider  this  device  operating 
under  large  signal  conditions.  Large  signal  G-B  curves  for  the  device  of  Fig.  4 
are  shown  in  Fig.  5 for  a device  with  a DC  current  density  of  200  Ajcrr?  and 
an  RF  voltage  between  0.005  and  0.2  volts.  This  figure  shows  the  effect  of 
the  sharp  pulse  injection  on  device  operation  with  the  device  conductance 
decreasing  with  increasing  RF  voltage.  This  will  effect  the  device  impedance 
levels,  area  and  output  power. 


In  order  to  extract  power  from  the  device,  the  circuit  impedance  must  con- 
jugate match  the  device  impedance.  This  condition  sets  the  device  area. 
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Figure  3:  Example  Injected  Current  Waveform 


Figure  4:  Small  Signal  G-B  Plot,  Frequency  = 700-1300  GHz,  Jdc 
100,200,500 A/ cm2 
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Typical  realistic  circuit  impedances  are  several  STs.  We  must  include  the 
effect  of  parasitic  loss  to  get  a more  realistic  power  prediction.  If  the  load 
resistance  is  Rioad  and  the  parasitic  resistance  is  Rs,  then 


—Rd  evice  Rioad  “1“  Rs 


(3) 


where  Rdevice  is  the  real  part  of  the  device  impedance  obtained  from  the 
inverse  of  the  device  admittance  including  the  device  capacitance.  The  power 
into  the  load  is 


Rioad 


Rioad 


Rioad  "h  Rs 


Tf. 


(4) 


We  can  use  this  equation  along  with  the  calculated  device  properties  to  es- 
timate the  available  RF  power.  The  properties  of  the  device  can  best  be 
investigated  with  a sample  calculation.  Consider  a BT3D  with  a design  cen- 
ter frequency  of  1 Thz,  a DC  current  density  of  1000  A /cm2,  a drift  region 
length  of  approximately  0.7  /i  and  an  applied  DC  voltage  of  9.8  volts.  We 
define  the  small  signal  admittance  at  an  RF  voltage  value  of  0.025  volts.  The 
area  of  the  device  will  depend  on  the  external  circuit  matching  resistance. 
Device  areas  for  matching  resistances  between  0.5  and  5 are  shown  in 
Fig.  6.  This  figure  shows  the  effect  of  the  higher  electron  velocity  and  lower 
dielectric  constant  on  the  device  dimensions.  This  device  has  a much  longer 
drift  region  and  larger  diameter,  20  to  50  /i,  than  a comparable  frequency 
semiconductor  device.  This  compensates  for  the  lower  current  density,  higher 
operating  voltage  and  smaller  Vr f/V^c  ratio  to  produce  reasonable  powers  at 
THz  frequencies.  The  available  power  into  a matched  load  depends  on  the 
value  of  the  matching  resistance  and  the  parasitic  resistance.  The  estimated 
power  for  this  device  is  shown  in  Fig.  7 for  RF  voltages  between  0 and  0.5 
volts  and  small  signal  load  resistances  of  1 to  3 fh  The  solid  lines  are  the 
available  power  from  the  device  and  the  dashed  lines  correspond  to  a para- 
sitic resistance  of  1ST  This  device  is  producing  2 mW  at  1 THz,  excellent 
performance  for  any  electronic  device  at  this  frequency..  The  low  device  -Q 
allows  an  increase  in  matching  resistance  at  low  RF  voltages  and  reduces  the 
parasitic  resistance  effect. 


The  device  properties  strongly  depend  on  the  DC  and  peak  current  density 
of  the  cathode.  The  variation  in  output  power  with  RF  voltage  for  a range 
of  DC  current  densities  is  shown  in  Fig.  8.  The  device  is  operating  at  1 THz. 
The  load  resistance  is  3Q  and  the  parasitic  resistance  is  IQ.  This  figure  shows 
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Figure  7:  Output  Power  vs.  Vrf, Frequency  = lTHz,Jdc  = 2000  A/crn 2 
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VjVott? 

Figure  8:  RF  Power  vs.  RF  Voltage  for  a Range  of  DC  Current  Densi- 
ties, Frequency  = 1 THz 
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the  critical  importance  of  current  density  on  device  performance.  Increas- 
ing the  DC  current  density  increases  the  device  negative  conductance  and 
the  area  required  to  match  the  load  impedance.  The  combination  produces 
nearly  10  mW  of  output  power  for  a current  density  of  200(L4/cm2,  excellent 
performance  for  any  electronic  device  at  THz  frequencies. 


IV  Device  Design  and  Fabrication 


The  discussion  in  the  first  part  of  this  report  gave  the  design  dimensions 
and  operating  conditions  for  the  proposed  BT3D  device.  However  it  is  also 
important  to  think  about  the  design  and  fabrication  of  realistic  device  struc- 
tures. A proposed  device  structure  was  shown  in  1.  This  would  be  a vertical 
emitting  structure  with  the  electric  field  and  drift  region  perpendicular  to 
a planar  cylindrical  cathode.  The  critical  properties  would  be  the  current 
vs.  field  characteristics  of  the  cathode,  the  voltage  across  the  drift  region, 
the  length  of  the  drift  region  and  the  resonant  frequency  of  the  rest  of  the 
micromachined  cavity.  We  would  also  need  to  couple  energy  out  of  the  cavity 
and  into  a waveguide  or  quasi-optical  coupling  network.  We  would  also  need 
to  provide  DC  isolation  between  the  cathode  or  anode  and  the  rest  of  the 
structure.  An  alternative  approach  would  be  to  design  and  fabricate  a hori- 
zontal emitter  with  the  drift  region  defined  on  the  same  wafer  as  the  cathode. 
It  could  be  fabricated  on  the  surface  of  a semi-insulating  semiconductor  or 
other  support  structure.  The  substrate  is  assumed  to  be  semi-insulating  A 
backing  conductor  material,  a thin  cathode  material  and  a second  support 
material  are  deposited  onto  the  substrate.  A vertical  etch  can  be  used  to 
expose  the  three  layers  on  the  cathode  side  of  the  device,  and  a second  etch 
can  be  used  to  etch  back  the  backing  material,  allowing  a very  thin  pointed 
cathode  tip  to  be  formed.  The  vertical  dimension  of  the  tip  depends  on 
the  starting  material  thickness  and  not  on  lithography  or  other  nanometer 
scale  process.  The  width  or  depth  of  the  cathode  can  be  adjusted  to  give 
the  proper  capacitance  and  device  impedance.  A similar  set  of  fabrication 
steps  can  be  used  to  form  an  anode.  A natural  outcome  of  the  process  is  a 
drift  region  length  determined  by  lithography.  A second  cavity  half  would  be 
placed  on  the  top  of  the  wafer  to  complete  the  structure.  This  configuration 
could  be  extended  to  form  a portion  of  a ridge  waveguide.  In  this  configura- 
tion the  resonant  frequency  could  be  determined  by  either  a fixed  or  tunable 
backshort.  Care  would  be  needed  to  provide  a vacuum  in  the  structure.  This 
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alternative  structure  may  have  fabrication  advantages  when  compared  with 
the  vertical  structure. 

V Summary  and  Conclusions 


This  paper  has  discussed  a new  THz  device,  the  BT 3,  a vacuum  based  transit 
time  device.  This  device  appears  to  be  able  to  generate  reasonable  and 
useful  amounts  of  power  in  the  THz  frequency  range.  The  transit  region 
dimensions  and  voltages  have  reasonable  values  for  devices  operating  between 
500  and  1500  GHz.  The  unanswered  question  that  most  effects  the  device 
performance  is  cathode  design.  However  if  cathode  current  densities  in  the 
range  of  1000  A jcm1  can  be  realized,  this  should  prove  to  be  a very  useful 
new  device. 
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Abstract 

We  have  designed  a new  photomixer  using  a uni-traveling  carrier  photodiode  (UTC- 
PD)  for  generation  of  W-band  radiation.  The  UTC-PD  is  integrated  on  a InP  chip  with  DC 
and  RF  circuits  and  the  chip  is  mounted  upside  down  on  a fused  quartz  substrate  which  is 
placed  in  a microstrip  channel  across  a quarter-height  W-band  waveguide.  A simple  cross- 
shaped microstrip-waveguide  transition  printed  on  the  quartz  substrate  is  used  to  couple 
power  into  the  waveguide.  From  the  simulation  it  is  found  that  this  microstrip-waveguide 
transition  can  give  better  than  -15  dB  return  loss  over  75-120  GHz.  The  UTC-PD  is  irra- 
diated by  combined  two  lasers  from  the  back  side  of  the  InP  chip.  We  have  successfully 
produced  difference-frequency  radiation  at  100  GHz  with  a power  level  of  ~1  mW  by  the 
photomixer. 

Introduction 

Millimeter-  and  submillimeter-wave  heterodyne  mixers  based  on  the  Superconductor- 
Insulator-Superconductor  (SIS)  junctions  have  used  a local  oscillator  (LO)  source  which  is 
a combination  of  a Gunn  diode  and  multipliers.  Since  the  LO  source  with  the  combination 
of  a Gunn  diode  and  multipliers  has  a mechanical  complexity  and  poor  frequency  cover- 
age especially  at  submillimeter  wavelength,  a compact  and  mechanically-simple  LO  source 
with  broad  frequency  coverage  is  highly  required  for  submillimeter-wave  SIS  receivers  in 
the  radio  telescopes.  Photomixers,  which  generate  a difference  frequency  of  two  diode 
lasers  at  millimeter  and  submillimeter  wavelength  by  photoconductive  mixing,  have  been 
alternatively  developed.[l,  2]  Photomixers  are  so  compact  solid-state  sources  with  broad 
frequency  tunability  that  they  meet  the  requirement  for  the  LO  source  of  the  SIS  receivers 
at  millimeter  and  submillimeter  wavelengths. 

The  low-temperature-grown  (LTG)  GaAs  films  have  been  prevailingly  used  for  a pho- 
tomixer element.  Although  the  LTG-GaAs  photomixers  can  provide  enough  output  power 
for  a few  applications  such  as  molecular  spectroscopy,  improvement  of  the  output  power  is 
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highly  required  for  many  applications.  It  has  been  recently  shown  that  photomixers  using 
a uni-traveling  photodiode  (UTC-PD)  have  a great  potential  for  generation  of  millimeter- 
wave  radiation  with  a bandwidth  as  high  as  220  GHz  [3].  Based  on  a simple  analysis,  it  is 
expected  that  a 3-dB  falloff  bandwidth  of  the  UTC-PD  determined  by  carrier  traveling  time 
can  be  in  a THz  range  [4].  The  UTC-PD  photomixer  has  emerged  as  one  of  the  promising 
candidates  to  generate  the  millimeter-  and  submillimeter-wave  radiation. 

We  have  designed  a new  photomixer  using  the  UTC-PD  for  generation  of  W-band  ra- 
diation. In  this  paper,  a detailed  design  of  the  photomixer  at  W band  using  the  UTC-PD 
and  preliminary  results  of  millimeter- wave  generation  experiments  at  100  GHz  will  be  pre- 
sented. 

Instrument  Design 

A.  UTC-PD  device 

Since  an  upper  frequency  of  photo-response  in  a photodiode  is  usually  limited  by  a 
carrier  traveling  time  in  a depletion  layer  in  the  photodiode,  reduction  in  thickness  of  the 
depletion  layer  is  necessary  for  increasing  the  upper  frequency  of  photo-response.  How- 
ever, the  reduction  in  thickness  of  the  depletion  layer  is  inevitably  accompanied  with  an  in- 
crease of  capacitance  of  the  photodiode.  As  a result,  the  upper  frequency  of  photo-response 
is  sometimes  limited  by  a time  constant  of  the  photodiode. 

In  the  UTC-PD,  a relatively  thick  depletion  layer  made  of  a wide  band-gap  material 
such  as  InP  is  adopted  to  avoid  the  increase  of  the  diode  capacitance.  A schematic  energy 
diagram  of  the  UTC-PD  is  shown  in  Fig.  1.  Photocarriers  are  generated  in  an  absorption 
layer  of  p-type  InGaAs  and  drift  into  the  depletion  layer  (or  collection  layer)  made  of  InP. 
The  electron  velocity  in  the  InP  layer  is  so  high  that  the  traveling  time  in  the  depletion  layer 
can  be  small.  Therefore,  very  fast  photo-response  in  the  UTC-PD  can  be  expected. 

A 6~fim  UTC-PD  is  integrated  on  a 150-/nn- thick  semi-insulating  InP  chip  with  DC 
and  RF  circuits.  A photograph  of  the  UTC-PD  chip  is  shown  in  Fig.  2.  The  UTC-PD  is 
assumed  to  have  25-Q  resistance  in  parallel  with  capacitance  of  20-30  fF  during  design  of 
the  RF  circuit.  The  UTC-PD  is  coupled  with  a tapered  stripline  transition  which  transforms 
an  output  impedance  of  the  UTC-PD  to  SO  £2.  The  diode  capacitance  is  tuned  out  by  a 
parallel  inductance  terminated  by  radial  stubs  as  RF  shorts. 

B.  Photomixer  mount 

We  have  designed  a photomixer  using  the  UTC-PD  for  generation  of  W-band  radiation. 
Because  of  efficient  transmission  of  power  over  a broad  bandwidth,  our  photomixer  mount 
uses  waveguide  at  its  output.  The  UTC-PD  chip  is  placed  in  a shielded  microstrip  channel 
in  order  to  simplify  integration  of  impedance  transformers  and  filters  into  the  photomixer 
mount. 

A simple  cross-shaped  probe  of  microstrip-to-waveguide  transition  printed  on  a quartz 
substrate  is  used  to  couple  power  into  the  waveguide.  A surface  of  the  quartz  substrate,  on 
which  a conducting  microstrip  is  printed,  is  oriented  to  an  waveguide  backshort.[5]  Since  it 
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Fig.  1 Schematic  energy  band  diagram  of  a UTC-PD. 
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Fig.  2 Photograph  of  a UTC-PD  chip. 
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Fig.  3 Waveguide-stripline  transition  and  UTC-PD  mounted  on  a quartz  substrate. 


is  well  known  that  reducing  height  of  an  waveguide  is  effective  to  extend  a operation  band- 
width of  the  transition,  a quarter-height  waveguide  is  employed  in  the  mount.  A photograph 
of  the  waveguide  probe  is  shown  in  Fig.  3. 

The  diode  chip  is  soldered  upside  down  on  a 0.58-mm  wide  and  0.1 5 -mm  thick  fused- 
quartz  substrate  as  shown  in  Fig.  3.  RF  output  of  the  diode  is  coupled  to  a stripline  with  a 
characteristic  impedance  of  ~80 12  through  2-stage  stripline  impedance  transformers  and 
then  transferred  to  the  quarter-height  waveguide  by  the  transition  probe.  The  end  of  the 
microstrip  channel  is  short-circuited  at  some  length  from  the  waveguide  in  order  to  make 
a return  path  of  the  DC  bias  applied  to  the  diode.  Choke  filters  made  of  high-  and  low- 
impedance  striplines  on  the  quartz  substrate  are  placed  in  the  other  end  of  the  microstrip 
channel.  DC  bias  is  applied  to  the  diode  through  the  choke  filters.  The  diode  is  irradiated 
by  combined  two  lasers  from  the  back  side  of  the  UTC-PD  chip.  A cross  section  of  the 
photomixer  mount  is  schematically  shown  in  Fig.  4. 

Simulations  of  the  waveguide-stripline  transition  including  the  stripline  and  the  imped- 
ance transformers  were  performed  using  HP’s  High  Frequency  Structure  Simulator  (HFSS) 
to  determine  the  optimum  lengths  of  the  waveguide  backshort  and  the  microstrip  channel. 
Figure  5 shows  the  best  bandwidth  performance  of  the  transition  predicted  by  the  simula- 
tion. It  is  clear  that  this  microstrip-waveguide  transition  can  give  better  than  -15  dB  return 
loss  over  75-120  GHz. 
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Fig.  4 Schematic  of  a photomixer  mount. 


Frequency  (GHz) 


Fig.  5 Predicted  performance  of  the  waveguide-stripline  transition. 
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Voltage  [V] 

Fig.  6 DC  I-V  curves  of  UTC-PD’s  . 


Result  and  discussion 

Lasers  (X  = 1.5/rm)  provided  by  two  semiconductor  laser-diodes  are  separately  trans- 
ferred to  optical  fibers  and  then  coupled  by  a coupler  into  an  optical  fiber.  The  output 
of  the  lasers  from  the  optical  fiber  are  focused  onto  the  UTC-PD  by  a lens  located  in  the 
photomixer  mount.  The  position  of  the  lens  is  precisely  aligned  against  the  photodiode 
so  that  maximum  power  of  millimeter-wave  radiation  is  available  at  the  output  port  of  the 
photomixer  mount  The  output  millimeter-wave  radiation  from  the  photomixer  is  detected 
by  a spectrum  analyzer  with  a harmonic  mixer  (HP11970)  or  a Schottky-diode  detector. 

Typical  DC  I-V  curves  of  UTC-PD’s  used  in  experiments  are  shown  in  Fig.  6.  The 
bias  voltage  applied  to  the  diode  is  usually  in  the  range  from  -1  to  -2  V.  It  has  been  shown 
that  photocunent  of  the  UTC-PD  induced  by  lasers  is  approximately  proportional  to  the 
amount  of  laser  power  coupled  to  the  diode  in  the  experiment  at  lower  frequency.{6]  In 
the  similar  manner,  we  first  measured  output  radiation  power  near  100  GHz  as  a function 
of  photocurrent  of  the  UTC-PD.  In  Fig.  7 output  power  measured  by  a Schottky-diode 
detector  is  plotted  as  a function  of  the  photocurrent  of  the  UTC-PD  for  bias  voltages  of  -1, 
-1.5,  and  -2  V.  It  is  clear  that  the  output  power  increases  in  proportion  to  the  photocunent 
(or  the  input  laser  power)  at  lower  photocurrent.  However,  a compression  or  saturation  of 
output  power  is  observed  at  higher  input  laser  power.  The  compression  or  saturation  of 
output  power  is  usually  explained  by  the  space  charge  effecL[7]  The  output  power  weakly 
depends  on  the  bias  voltage  and  increases  a little  as  the  bias  voltage  increases.  At  the  bias 
voltage  of  -2  V and  photocurrent  of  20  mA,  highest  output  power  of  a half  mW  is  observed. 
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Fig.  8 Spectrum  of  photomixer  output  at  ~100  GHz. 
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In  Fig.  8 a spectrum  near  100  GHz  of  photomixer  output  measured  by  the  harmonic 
mixer  is  shown.  The  peak  power  in  Fig.  8 is  about  0.7  /iW,  which  is  calibrated  from  the 
conversion  loss  of  the  harmonic  mixer  given  in  an  attached  data  sheet.  Width  of  the  output 
spectrum  of  the  photomixer  is  less  than  10  MHz,  which  is  mainly  governed  by  fluctuation 
of  frequencies  of  the  two  lasers,  since  freely-running  lasers  are  used  in  the  experiment. 


Summary 

We  have  exploited  a photomixer  for  generation  of  millimeter  wave  at  W band  using  a 
UTC-PD.  We  have  successfully  observed  output  of  millimeter-wave  radiation  at  100  GHz 
and  obtained  output  power  as  high  as  approximately  1 mW.  As  far  as  we  know,  this  is  the 
highest  output  power  ever  generated  by  any  kind  of  photomixers  at  this  frequency  band. 
The  bandwidth  of  the  output  of  the  UTC-PD  photomixer  is  less  than  10  MHz,  which  is 
probably  limited  by  the  fluctuation  of  input  lasers. 
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ABSTRACT 


The  authors  propose  a new  approach  to  THz  power  generation:  the  “ nanoklystron Utiliz- 
ing  silicon  micromachining  techniques,  the  design  and  fabrication  concept  of  a mono- 
lithic  THz  vacuum-tube  reflex-klystron  source  is  described.  The  nanoklystron  employs 
a separately  fabricated  cathode  structure  composed  of  densely  packed  carbon  nanotube 
field  emitters  and  an  add-in  repeller.  The  nanotube  cathode  is  expected  to  increase  the 
current  density,  extend  the  cathode  life  and  decrease  the  required  oscillation  voltage  to 
values  below  100V.  The  excitation  cavity  is  based  on  ridged-waveguide  and  differs  from 
the  conventional  cylindrical  re-entrant  structures  found  in  lower  frequency  klystrons.  A 
quasi-static  field  analysis  of  the  cavity  and  output  coupling  structure  show  excellent 
control  of  the  quality  factor  and  desired  field  distribution.  Output  power  is  expected  to 
occur  through  an  iris  coupled  matched  rectangular  waveguide  and  integrated  pyramidal 
feed  horn.  The  entire  circuit  is  designed  so  as  to  be  formed  monolithically  from  two 
thermocompression  bonded  silicon  wafers  processed  using  deep  reactive  ion  etching 
(DRIE)  techniques.  To  expedite  prototyping,  a 600  GHz  mechanically  machined  struc- 
ture has  been  designed  and  is  in  fabrication.  A complete  numeric  analysis  of  the  nanokly- 
stron circuit,  including  the  electron  beam  dynamics  has  just  gotten  underway.  Separate 
evaluation  of  the  nanotube  cathodes  is  also  ongoing.  The  authors  will  describe  the  pro- 
gress to  date  as  well  as  plans  for  the  immediate  implementation  and  testing  of  nanokly- 
stron  prototypes  at  640  and  1250  GHz. 

INTRODUCTION 


The  millimeter  and  submillimeter-wave  frequency  bands,  from  100  GHz  to  3 THz  (3  to 
0.1  mm  wavelength),  are  some  of  the  least  explored  and  yet  information  rich  regions  of 
the  electromagnetic  spectrum.  The  development  of  technology  specifically  aimed  at  re- 
mote sensing  and  identification  of  chemical  species  that  thermally  emit  in  this  wave- 
length range  has  been  a major  thrust  area  at  JPL  for  more  than  10  years.  Over  this  time, 
enormous  progress  has  been  made  in  both  heterodyne  and  direct  detection  sensor  tech- 
nology. Significant  developments  include  the  realization  of  near  quantum  limited  super- 
conducting mixers  up  to  900  GHz,  less  sensitive  but  ultra  high  frequency  (2.5  THz) 
space  qualified  ambient  temperature  semiconductor  receivers,  and  most  recently  helium 
cooled  hot-electron  bolometer  mixers  which  will  work  all  the  way  up  to  far  infrared 
wavelengths  (10  THz).  The  lower  end  of  the  submillimeter  band  (100-300  GHz)  has  at- 
mospheric windows  that  have  been  long  exploited  for  both  civilian  and  defense  applica- 
tions such  as  passive  remote  sensing  and  imaging,  radar,  and  perhaps  very  soon  ultra 
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wideband  communications  systems.  Although  detector  technology  has  made  major  in- 
roads towards  the  realization  of  these  high  frequency  systems,  solid-state  source  devel- 
opment (a  major  component  in  every  case)  has  lagged  behind  significantly. 

Over  the  years,  there  have  been  many  attempts  to  produce  CW  power  above  100  GHz. 
The  most  popular  method  is  to  use  lower  frequency  oscillators  and  now  power  amplifiers 
(at  or  slightly  above  100  GHz)  followed  by  nonlinear-reactance-based  frequency  multi- 
plier chains  (Schottky  diodes)  to  get  to  higher  frequencies.  This  process  becomes  dis- 
mally inefficient  for  multiplication  factors  of  4 or  greater.  All  attempts  at  making  direct 
solid-state  oscillators  at  these  frequencies  have  so  far  failed  from  lack  of  efficient  output 
coupling  schemes,  too  low  RF  power  levels,  low  Q,  or  internal  device  parasitics  that  limit 
the  effective  cutoff  frequency.  Optical  downconversion,  through  laser  heterodyning  or 
photomixing,  have  also  proven  to  be  extremely  inefficient  as  well  as  being  difficult  to 
stabilize  and  fairly  bulky.  The  only  methods  of  THz  power  production  that  have  proven 
sufficient  for  submillimeter-wave  heterodyne,  communications  or  radar  applications  to 
date  are  direct  laser-to-laser  pumping,  i.e.  using  a C02  laser  to  pump  a methanol  gas  la- 
ser, or  slow-wave  tube  structures,  like  backward  wave  oscillators  and  carcinotrons. 
Both  of  these  sources  are  large  and  heavy,  are  extremely  expensive  (>$100,000),  require 
high  power,  have  limited  operational  lifetimes  and  are  restricted  in  their  frequency  cov- 
erage. Backward  wave  tubes  die  off  above  300  GHz  (although  a few  tubes  have  been 
constructed  with  small  amounts  of  output  power  up  to  1.2  THz),  and  the  number  of 
available  submillimeter-wave  laser  lines  with  reasonable  output  power  are  few  and  far 
between.  So  far  as  the  author  knows,  no  viable  THz  solid-state  source  exists  with  suffi- 
cient power  to  drive  even  a THz  superconductor  mixer  at  this  time.  Our  concept  ad- 
dresses this  situation  with  a new  approach  to  the  generation  of  radiation  hard,  frequency 
agile,  phase  lockable,  high  frequency  power:  a micromachined  vacuum  tube  oscillator, 
the  “ nanoklystron .” 


TECHNICAL  CONCEPT  AND  RATIONALE: 


In  the  1930’s  and  40’s  a great  deal  of  effort  was  put  into  the  design  and  manufacture  of 
thermal  emission  devices  (vacuum  tubes)  that  worked  at  millimeter  wave  frequencies 
(up  to  30  GHz).  Much  of  this  work  involved  extensions  of  the  simple  vacuum  triode 
which  relies  on  an  electron  beam  pulled  from  a hot  cathode  and  accelerated  through  a 
grid.  The  grid  serves  the  purpose  of  bunching  the  electrons  with  a resulting  high  fre- 
quency oscillation  and  amplification  of  the  grid  current  as  the  beam  is  collected  at  the 
anode.  Variations  on  the  triode  (tetrode,  pentode  etc.)  were  of  course  widely  employed 
as  oscillators  and  amplifiers  well  before  the  advent  of  the  transistor. 

In  the  push  towards  higher  frequencies  the  triode  was  ultimately  abandoned  because  it 
is  limited  by  parasitics  between  the  emitter  and  grid  as  well  as  the  transconductance  of 
reliable  cathodes.  Two  differing  techniques  emerged  in  the  high  frequency  vacuum  emit- 
ter world  - slow  wave  or  magnetically  confined  beams  (backward  wave  tubes,  carcino- 
trons,  extended  interaction  oscillators,  gyrotrons)  and  focused  cavity  oscillators  (kly- 
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strons).  Slow  wave  structures  require  high  magnetic  fields  for  focusing  or  steering  the 
electron  beam  and  hence  are  currently  large  and  enormously  heavy.  Klystrons  rely  on 
passing  the  electron  beam  through  one  or  more  weakly  coupled  resonant  cavities  for  the 
bunching  operation  and  from  which  the  accumulated  RF  oscillations  are  removed.  Since 
no  magnetic  field  is  required,  klystrons  are  small  and  lightweight  compared  to  slow  wave 
devices.  They  can  be  configured  as  single  or  multiple  cavity  oscillators  or,  if  an  RF  input 
is  applied  to  one  of  the  cavities,  as  amplifiers.  ’ 

The  reflex  klystron,  [1]  and  Fig.  1,  is  a compact  form  of  klystron  oscillator  that  uses  only  a 
single  cavity  and  a repeller  or  reflector  to  focus  the  accelerated  electron  beam  back  onto 
itself  through  a small  gap  in  the  walls  of  the  resonator.  The  gap  plays  a critical  role  in  es- 
tablishing  and  maintaining  oscillation  at  a frequency  determined  by  the  surrounding  caw 
ity.  It  takes  the  form  of  a precisely  spaced  set  of  grids  (or  gridless  gap)  at  the  center  of  a 
cylindrical  re'entrant  cavity  that  produces  an  alternating  field  from  random  oscillations 
in  the  impinging  electron  beam.  This  in  turn  causes  bunching  of  the  electron  stream  and 
upon  proper  reflection  in  phase  from  the  repeller  results  in  significant  energy  coupling  to 
the  surrounding  cavity.  The  reflex  klystron  is  a particularly  useful  short  wavelength  os- 
dilator,  as  far  as  tubes  go,  and  has  been  made  to  work  at  frequencies  as  high  as  212  GHz 
[2],  However,  the  last  commercial  millimeter-wave  reflex  klystron  was  made  almost  20 
years  ago  and  interest  in  these  devices,  at  least  for  high  frequency  applications,  has  al- 
most wholly  disappeared  (although  room  sized  klystrons  are  still  used  for  mega-watt 
power  generation  at  microwave  frequencies  in  accelerators  and  plasma  fusion  reactors!). 

In  the  meantime,  revolutionary  advances  in  microfabrication  techniques  have  enabled  re- 
searchers to  fabricate  traditional  emitter  cathodes  on  a micron  scale,  photolithographi- 
cally,  with  unprecedented  packing  densities  and  uniformity  [3,4].  These  emitters  have 
even  been  formed  into  miniature  vacuum  tubes  and  operating  triodes  with  ultra  small  (<1 
micron)  grid  and  emitter-collector  gap  lengths  [5-7].  Again,  the  triode  arrangement 
makes  the  high  frequency  potential  of  these  structures  very  limited  and  even  the  most 
optimistic  projections  show  the  response  falling  off  below  100  GHz  [4], 

This  paper  describes  an  approach  which  capitalizes  on  the  use  of  MEMS  (micro-electro- 
mechanical machining)  and  deep  reactive  ion  etching  (DRIE)  microfabrication  tech- 
niques as  well  as  recent  advances  in  monolithically  fabricated  cold  cathodes  to  realize  a 
miniaturized  reflex  klystron  — the  “nanoklystron”  [8].  By  scaling  the  gap,  cavity  and  re- 
peller  dimensions  of  a working  100  GHz  klystron  to  dimensions  consistent  with  micro- 
lithographic  techniques  (factors  of  5-10)  we  expect  to  realize  oscillations  at  frequencies 
at  least  as  high  as  1.2  THz  and  power  levels/device  in  the  milliwatt  range.  We  also  plan 
to  overcome  a major  limitation  of  existing  cold  cathodes  - breakdown  due  to  non  uni- 
formity of  the  emitter  tips  - by  utilizing  newly  developed  carbon  nanotube  emitter  ar- 
rays [9]  which  have  unprecedented  packing  densities  and  uniformity,  high  thermal  con- 
ductivity and  a metallic  support  substrate.  In  addition,  the  required  beam  voltage  (typi- 
cally 2-3kV  in  a standard  klystron)  is  expected  to  go  down  drastically  with  shrinkage  of 
the  cathode-repeller  distance  and  the  use  of  a packaged  carbon  nanotip  array  and  emitter 
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grid.  Experimental  emitters  using  carbon  nanotubes  have  threshold  voltages  as  low  as  a 
few  volts/micron  [10].  Finally,  taking  advantage  of  the  monolithic  design  implementa- 
tion,  we  will  incorporate  frequency  agility,  high  levels  of  redundancy,  multiple  power  or 
multiple  beam  capability  into  the  nanoklystron  [11]. 

TECHNICAL  APPROACH 


Our  proposed  “nanoklystron”  (Fig.  2.)  consists  of  a cathodic  array  of  highly  uniform  car- 
bon  nanotubes  with  a built  in  emitter  grid  sealed  in  a micromachined  vacuum  cavity 
with  a photolithographically  produced  microresonator,  a deposited  microgrid,  and  a 
weakly  coupled  micromachined  RF  waveguide  and  beam  forming  horn  for  removal  of  the 
output  signal.  We  plan  to  fabricate  the  entire  structure  monolithically  from  two  silicon 
wafers  that  are  thermocompression  bonded  and  vacuum  sealed  in  the  final  steps.  The 
dimensions  obtainable  with  existing  micromachining  and  photolithography  processes 
are  consistent  with  klystron  operation  at  frequencies  from  300  GHz  to  at  least  2 THz. 
Simple  sealing  of  an  existing  millimeter  wave  klystron  tube  [2]  at  N band  (120  GHz)  can 
potentially  yield  THz  oscillator  designs  without  inventing  any  new  lithographic  proc- 
esses. Decreasing  the  repeller-to-cathode  distance  will  also  reduce  the  required  beam 
voltage  to  levels  approaching  those  of  traditional  solid-state  devices  (10-100V).  The  use 
of  high  aspect  ratio  carbon  nanotubes  for  the  cathode  rather  than  tapered  silicon  tip  ar- 
rays [3,4]  will  greatly  increase  packing  density,  thermal  conductivity  and  lifetime,  which 
translates  into  higher  current  density  and  hence  higher  frequency  operation.  Finally,  the 
klystron  designers  of  the  1970’s  were  at  a great  disadvantage.  There  were  no  electromag- 
netic modelling  tools  that  allowed  those  early  pioneers  to  verify  grid,  repeller  and  cavity 
designs,  let  alone  optimize  the  performance  of  the  tubes.  All  high  frequency  designs 
were  established  by  trial  and  error  and  limited  by  mechanical  machining  techniques  to 
gap  dimensions  greater  than  50  microns  [12].  The  authors  have  access  to  several  excellent 
electromagnetic  simulator  codes  that  they  plan  to  apply  to  the  design  and  optimization 
of  a nanoklystron  circuit.  A recent  calculation  from  a group  at  University  of  Leeds  [13] 
supports  the  advantages  of  this  approach. 

We  believe  the  three  most  significant  hurdles  for  realizing  a THz  nanoklystron  are:  (1) 
basic  cavity  and  output  circuit  realization  compatible  with  monolithic  processing,  (2) 
implementation  of  a low  voltage,  high  current  density,  miniature  field  emission  cathode, 
(3)  demonstration  of  a micro-scale  high-vacuum-sealing  technology  compatible  with 
low  loss  THz  output.  We  are  addressing  each  of  these  areas  in  turn. 

RF  Cavity  and  Output  Circuit  In  order  to  realize  an  appropriate  resonant  structure 
and  compatible  THz  output  coupling  circuit  in  a wafer  level  process  we  have  abandoned 
the  traditional  cylindrical  re-entrant  cavity  and  magnetic  coupling  probe  design  often 
used  in  millimeter  wave  reflex  klystrons  [1]  in  preference  to  a simple  aperture  coupled 
vertical  E field  layout.  The  resonant  cavity  is  designed  around  single  ridged  waveguide, 
which  has  both  an  attractive  mechanical  layout  as  well  as  a field  distribution  and  mode 
behavior  that  makes  vertical  E field  aperture  coupling  straight  forward.  The  layout  is 


84 


12,h  International  Symposium  on  Space  Terahertz  Technology 


shown  in  Figs.  3-5,  where  the  output  Q and  load  impedance  are  easily  varied  by  the  iris 
width  and  the  height  of  the  rectangular  waveguide  step  immediately  outside  the  cavity. 
For  optimal  coupling  to  the  outside  world,  the  waveguide  height  is  sequentially  in- 
creased (using  quarter  wave  impedance  transformers  [14])  from  the  very  reduced  height 
ridge  guide  (5  microns  at  1200  GHz)  until  the  width  to  height  is  2:1.  In  the  first  design 
iteration  the  vacuum  seal  occurs  at  this  waveguide  output  plane  and  a separately  at- 
tached and  aligned  feed  horn  is  added  on  the  outside  of  the  RF  transparent  window. 
Eventually  we  plan  to  incorporate  the  horn  into  the  substrate  itself  and  make  the  vac- 
uum seal  at  the  horn  aperture,  where  its  impact  on  the  impinging  field  will  be  reduced. 
The  result  of  a simple  EM  field  analysis  (no  electron  beam  present)  showing  Sn  from  a z- 
directed  gap  excitation  of  the  cavity  and  output  waveguide  transition  is  shown  on  the 
right  in  Fig.  3.  A commercial  finite  difference  time  domain  simulator  (Quickwave  [15]) 
was  used  for  this  analysis.  Field  cuts  at  two  different  planes  are  given  in  Fig.  4.  Finally, 
Fig.  5 shows  the  assembled  unit  as  it  would  look  at  640  GHz. 

The  wafer  processing  steps  for  realizing  the  nanoklystron  cavity  structure  are  given  in 
Fig.  6.  The  bunching  grids  are  formed  during  the  RIE  process.  The  cathode  and  repeller 
are  added  afterwards  by  dropping  them  into  via  holes  that  have  been  appropriately  sized 
and  placed  in  the  top  and  bottom  wafers.  The  critical  dimensions  are  the  gap  spacing 
and  electron  beam  hole  which  are  5 microns  and  20  microns  respectively  at  1200  GHz. 
This  is  no  problem  for  the  lithographic  process  but  poses  a significant  hurdle  to  tradi- 
tional metal  machining  techniques. 

In  order  to  speed  up  the  development  of  a prototype,  a scaled  640  GHz  design  (the  high- 
est frequency  at  which  we  felt  we  could  reasonably  machine  the  cavity  and  beam  guides), 
was  drawn  up  and,  at  time  of  writing,  is  being  machined  in  the  JPL  Space  Instruments 
shop.  Representative  drawings  of  this  design,  which  includes  a 20dB  directivity  stan- 
dard gain  horn,  are  given  in  Fig.  6. 

FieM  Emission  Cathode:  The  cold  cathode  for  the  nanoklystron  must  be  capable  of 
generating  beams  with  current  densities  of  at  least  100A/cm2 . Traditional  Spindt  type 
microcathodes  [3,4]  have  been  able  to  achieve  20X  this  current  density  [16].  Carbon 
nanotube  emitters  offer  potential  advantages  over  more  traditional  micro-emitter  struc- 
tures, including  less  susceptibility  to  tip  breakdown  and  lower  emission  voltages  as  well 
as  very  high  thermal  conductivity  (same  order  as  diamond).  In  the  case  of  the  highly  or- 
dered nanotube  arrays  recently  introduced  by  the  research  team  now  at  Brown  Univer- 
sity [9]  and  shown  in  Fig.  7,  the  tip  spacing  and  height  is  extremely  uniform  and  the  den- 
sity of  emitters  can  easily  be  as  high  as  1010/cm2.  In  nonuniform  nanotube  emitters, 
threshold  voltages  of  5V/micron  or  less  are  typical  and  2.5  V/micron  has  been  realized 
commercially  [17].  For  use  in  the  nanoklystron,  30,000  emitter  tips  of  the  type  shown  in 
Fig.  7 will  fit  within  the  electron  beam  hole  at  1200  GHz.  With  even  a modest  emitter 
current  of  lOOnA/tip  [18],  this  means  current  densities  (without  focusing)  of  several 
kA/cm2  are  feasible.  In  order  to  measure  the  nano  tube  emitter  properties  we  have  devel- 
oped a simple  test  jig  that  allows  a small  (3x3mm)  emitter  sample  to  be  tested  with  a 
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commercially  installed  grid  (Fig.  8).  Although  this  arrangement  has  yielded  data  on  the 
commercial  disordered  nanotube  arrays  [17]  it  does  not  take  advantage  of  the  array  uni' 
formity  in  the  same  manner  as  the  Spindt  integrated  grid  cathodes  [4],  For  this  reason  a 
procedure  for  fabricating  and  inserting  a close  spaced  (<1  micron)  grid  onto  the  carbon 
nanotube  arrays  has  been  developed  (Fig.  9).  This  arrangement  has  not  yet  been  tested, 
but  is  scheduled  to  be  completed  very  soon. 

Vacuum  Sealing:  Vacuum  sealing  of  the  cavity,  cathode,  repeller  and  output  structure 
requires  both  high  vacuum  (10'8  Torr  or  better)  and  compatibility  with  low  loss  RF 
transmission  through  the  output  coupling  window.  This  can  be  accomplished  either 
with  evaporated  dielectrics  or  with  a separately  attached  dielectric  window.  As  a first 
attempt  to  accomplish  the  sealing,  a simple  microlithographic  technique,  using  an  etched 
'in'place  ultrathin  (5T0  micron)  silicon  window,  will  be  tested.  For  the  machined  640 
GHz  nanoklystron,  a separately  processed  quartz  window  will  be  sealed  in  place  with  a 
commercial  hermetic  process. 

Since  we  have  not  as  yet  completed  the  fabrication  of  either  the  machined  640  GHz 
nanoklystron  or  the  micromachined  1200  GHz  nanoklystron  we  cannot  predict  all  the 
hurdles  that  will  have  to  be  overcome  to  produce  oscillation  and  significant  output 
power.  Both  detailed  numeric  analysis  and  sophisticated  fabrication  process  steps  are 
still  to  be  worked  out. 


SUMMARY 


The  authors  have  presented  a conceptual  design  as  well  as  some  early  progress  on  the 
layout  and  fabrication  of  a THz  nanotube  power  source.  This  is  clearly  a “work  in  pro- 
gress” and  we  apologize  for  the  conceptual  nature  of  the  paper.  Several  important  first 
steps  have  been  made,  however,  induing  the  design  of  a new  form  of  re-entrant  cavity 
and  coupling  structure  amenable  to  lithographic  processing,  the  testing  and  incorpora- 
tion into  the  design  of  advanced  carbon  nanotube  cold-cathode  emitters  which  should 
significantly  improve  the  potential  current  density,  the  design  and  incorporation  of  an 
integrated  microgrid  directly  on  the  nanotube  cathode,  and  the  wafer  processing  steps 
needed  to  realize  the  full  nanoklystron  structure.  If  all  the  milestones  in  the  program  can 
be  realized,  then  the  concept  of  a nanoklystron  beam  switching  array,  such  as  that 
shown  in  Fig.  10,  will  be  close  at  hand. 
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Accelerator  Output  Coupler 


Fig*  X.  Schematic  cross-section  of  a simple  reflex  klystron.  All  items  are  cylindrically  symmetric.  Output 
coupling  is  shown  via  a magnetic  field  loop.  For  scale  the  cavity  diameter  can  be  taken  as  approximately 
one  half  wavelength.  Actual  millimeter  wave  klystron  geometries  are  significantly  more  complicated  and, 
at  least  in  the  case  of  Varian  designs,  still  proprietary. 


Fig.  2.  Schematic  cross  section  of  proposed  nanoklystron.  The  cathode  is  composed  of  a carbon  nanotube 
field  emitter  array  (Fig.  7)  with  a built-in  grid.  The  cavity,  beam  and  output  waveguide  are  etched  from  two 
silicon  wafers  which  are  later  j oined  by  thermocompression  bonding.  The  wiring  and  grid  layers  are  formed 
lithographically.  The  repeller  and  cathode  are  drop-in  parts  and  vacuum  sealing  is  performed  in  the  last 
step. 


waveguide  impedance 
transformer 


Fig.  3.  Left:  Transparent  construction  of  nanoklystron  re-entrant  cavity,  coupling  iris  and  output  waveguide 
stepped  transformer.  Excitation  for  the  S parameter  plot  (right)  is  via  a coaxial  probe  that  produces  a Z ori- 
ented field  across  the  cavity  grid  gap.  Right:  Sn  vs.  frequency  from  500-2500  GHz  for  gap  excited  ridged 
waveguide  resonant  cavity  shown  at  left.  The  ripple  and  greater  than  unity  excursions  are  an  artifact  of  not 
waiting  for  full  program  convergence.  The  sharp  resonance  is  due  to  the  fact  that  the  cavity  is  assumed  to  be 
lossless.  The  resonant  frequency  is-  1200  GHz.  The  analysis  was  performed  using  Quickwave  [15]. 
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Fig.  6.  Wafer  processing  steps  needed  to  real- 
ize nanoklystron  cavity,  iris  and  output 
waveguide  transformer  from  two  SI  silicon 
wafers.  Each  cell  is  approximately  1x2  mm 
for  circuits  between  600  and  1200  GHz  allow- 
ing many  hundreds  of  variations/wafer. 
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Fig.  7.  Brown  University  highly  ordered  nanotube 
array  at  different  magnifications,  a.  500  X,  b.  30  kX 
(tilted),  c.  35kX  (top),  d.  90kX  (top). 
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Fig.  8.  Nanotube  cathode  and  separate  com- 
mercial emitter  grid  (1500  LPI)  mounted  on  a 
fused  quartz  spacer  for  testing  in  a high  vac- 
uum emission  test  chamber.  The  grid  and 
cathode  are  mounted  on  a T0-5  transistor 
header.  Grid  and  anode  current  vs.  voltage 
can  be  determined.  The  chamber  has  been  as- 
sembled by  Colleen  Marrese  of  JPL. 
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Glue  on  nanotube  array  and  add  grid 
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Fig.  9.  Steps  for  fabricating  integral  grid  nano  tube  cath- 
ode. 


Fig.  10.  Left:  Possible  nanoklystron  array  for  multiple  frequency  or  multiple  power  output. 
Right:  Frequency  switching  or  redundancy  is  obtained  by  mechanical  indexing. 


The  research  described  in  this  paper  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology , under  a contract  with  the  National  Aeronautics  and  Space  Administration. 
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Abstract 

The  electric  field  distribution  in  photomixers  with  electrodes  deposited  on  the  surface  has 
already  been  calculated1.  It  was  shown  that  the  strength  of  the  electric  field  diminishes 
rapidly  with  depth.  It  was  argued  that  the  resulting  reduction  of  the  effective  interaction 
volume  of  the  device  lowers  the  optical-to-heterodyne  conversion.  In  this  paper,  we  will 
present  the  results  of  our  investigation  on  the  influence  of  the  electrode  placement  on  the 
performance  of  photomixers. 

We  have  fabricated  and  measured  traveling-wave  photomixer  devices  which  have  both 
embedded  and  surface  electrodes  - the  nominal  spacing  between  the  electrodes  was  2 pm. 
Devices  were  made  using  either  low-temperature-grown  (LTG)-GaAs  or  ErAs:GaAs  as  the 
photoconductive  material.  The  dark  current,  photocurrent  and  RF  emission  were  measured  at 
nominally  1 THz.  The  experimental  data  show  a surprising  difference  in  the  behavior  of 
ErAs:GaAs  devices  when  the  electrodes  are  embedded.  A factor  of  two  increase  in  RF 
radiation  is  observed  for  electric  fields  < 20  kV/cm.  No  such  improvement  was  observed  for 
the  LTG-GaAs  devices.  We  argue  that  the  distinctive  behavior  of  the  two  photoconductive 
materials  is  due  to  differences  in  the  crystal  structure  - LTG-GaAs  is  isotropic,  while 
ErAsiGaAs  is  uniaxial.  We  find  that  the  carrier  mobility  in-plane  (parallel)  to  the  ErAs  layers 
in  the  ErAs:GaAs  superlattice  is  larger  than  orthogonal  to  these  layers.  The  data  indicate  that 
carrier  velocity  overshoot  is  responsible  for  the  excess  radiation  produced  for  the  embedded 
electrode  ErAs:GaAs  devices. 

Present  address.  Institute  of  Space  and  Astronautical  Sciences,  ICanagawa,  Japan;  +Nortel  Networks, 
Wilmington,  MA  01887. 

'E.R.  Brown,  “A  photoconductive  model  for  superior  GaAs  THz  photomixers,”  Appl.  Phys.  Lett.  75,  769  ( 1 999). 
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Introduction 

Heterodyne  spectroscopy  has  been  taken  to  wavelengths  as  short  as  63  pm  with 
Schottky-diode  mixers  [Boreiko  and  Betz  1996].  Schottkys,  however,  are  relatively 
insensitive  compared  to  superconducting  mixers  such  as  the  hot-electron  microbolometer 
(HEB),  which  has  an  effective  quantum  efficiency  of  3%  at  120  pm  (2.5  THz).  Although 
HEB  sensitivities  are  bound  to  improve,  there  will  always  be  losses  associated  with 
antenna  coupling  of  radiation  into  sub-micron  size  devices.  Another  approach  to  FIR 
mixer  design  is  to  use  a photoconductive  device  which  can  be  made  much  larger  than  a 
wavelength,  and  thus  act  as  its  own  antenna.  For  example,  HgCdTe  photodiodes  have 
been  used  as  mixers  in  the  A,=10  pm  band  for  over  25  years  [Betz  1981],  with  sensitivities 
now  only  a factor  of  2 from  the  quantum-noise-limit.  HgCdTe  can  also  be  applied  at  FIR 
wavelengths,  but  surprisingly  little  work  has  been  done  to  date.  The  exception  is  the 
pioneering  work  of  Spears  (1988)  and  Kostiuk  and  Spears  (1987),  who  developed 
HgCdTe  photomixers  for  the  20-120  pm  region. 

The  spectral  versatility  of  the  HgCdTe  alloy  is  well  recognized  for  wavelengths  as 
long  as  8-20  pm.  What  is  not  so  recognized,  however,  is  that  theoretically  there  is  no  long 
wavelength  limit  for  appropriately  composited  HgCdTe.  Although  Spears  (1988) 
successfully  demonstrated  a photoconductive  response  from  HgCdTe  at  120  pm,  this 
initial  effort  was  apparently  never  followed  up,  in  part  because  of  the  difficulty  of 
controlling  the  HgCdTe  alloy  composition  with  liquid-phase-epitaxy  (LPE)  techniques. 
With  the  availability  of  precise  molecular-beam-epitaxy  (MBE)  since  the  early  1990’s,  it 
is  now  appropriate  to  reconsider  HgCdTe  for  detector  applications  longward  of  X=20  pm. 

We  recently  initiated  an  effort  to  fabricate  detectors  and  mixers  using  II- VI  materials 
for  FIR  wavelengths.  Of  particular  interest  are  device  structures  called  superlattices, 
which  offer  a number  of  advantages  for  high  sensitivity  direct  detectors  and  very  long 
wavelength  heterodyne  mixers. 
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Existing  Technology 

Only  Schottky-diode  mixers  have  been  used  for  heterodyne  spectroscopy  of 
astronomical  objects  at  FIR  wavelengths.  This  technology  is  now  considered  to  be 
obsolete  for  high  sensitivity  observations,  and  has  been  supplanted  (at  least  in  the  lab) 
with  the  technology  of  Hot-Electron  micro-Bolometer  (HEB)  mixers.  One  of  the  best 
HEB  results  in  the  wavelength  region  of  interest  is  the  119  pm  (2.5  THz)  noise- 
temperature  measurement  of  the  JPL  group  (Wyss  et  al.  1999).  With  a niobium  HEB 
mixer  cooled  to  2 K,  they  achieved  an  1850  K (DSB)  noise  temperature.  From  a noise 
viewpoint,  this  is  equivalent  to  an  effective  quantum  efficiency  (QE)  of  0.03  at  2.5  THz. 
Improvements  over  the  next  2 years  are  likely  to  raise  the  effective  QE  of  HEB  mixers  to 
0.06,  with  a goal  of  0.1.  These  mixers  will  remain  relatively  narrow-band,  because  of  the 
types  of  coupling  antennas  that  are  used,  and  the  necessity  of  limiting  spectral  bandwidth 
to  avoid  device  saturation.  At  even  higher  frequencies,  HEB  mixers  will  have  difficulty 
achieving  quantum-noise-limited  performance  because  of  the  increased  losses  in  the 
antenna  coupling  structures. 

Some  work  has  been  done  to  develop  extrinsic  semiconductors  for  FIR  mixer 
applications.  Park  et  al.  (1988)  investigated  Ga-doped  Ge  as  a heterodyne  detector  for  the 
A.=  100  pm  region.  The  low  absorption  of  this  material  leads  to  a large  detector  size  of 
several  mm  in  order  to  get  10%  photon  absorption.  The  large  size  in  turn  leads  to  a long 
transit  time  and  lifetime  for  photogenerated  carriers.  For  mixer  applications,  the  carrier 
lifetime  must  be  short.  One  technique  to  speed  recombination  is  to  introduce 
compensation  impurities,  but  this  also  reduces  the  photoconductive  gain.  Regardless, 
even  with  high  compensation.  Park  et  al.  (1988)  were  only  able  to  achieve  a 60  MHz  IF 
bandwidth,  which  is  about  a factor  of  10  less  than  the  minimum  needed  for  remote 
sensing  applications  with  fixed-frequency  local  oscillators. 

Proposed  New  Technology  HgCdTe 

What  is  needed  for  FIR  wavelengths  is  an  intrinsic  rather  than  extrinsic  detector 
material.  Intrinsic  semiconductors  have  absorption  cross-sections  100  times  stronger  than 
that  of  extrinsic  (doped)  semiconductors.  No  simple  intrinsic  materials  exist,  however, 
with  bandgaps  appropriate  for  X=50-150  pm  detection.  Fortunately,  one  can  fabricate 
intrinsic  detectors  from  mixed  materials  to  obtain  a peak  photoconductive  response  at  any 
infrared  wavelength.  Alloys  and  superlattices  made  from  HgTe  and  CdTe  can  be 
fabricated  with  bandgaps  engineered  between  -0.26  eV  and  +1.60  eV  (corresponding  to 
DC  to  100  THz  response).  The  absorption  coefficient  of  intrinsic  HgCdTe  is  about  100 
cm'1  in  the  ^=50-150  pm  range,  and  so  devices  as  thin  as  5-10  pm  can  provide  good 
quantum  efficiency. 

Bandgap  Engineering 

Two  approaches  are  available  for  the  synthesis  of  “zero-gap”  semiconductors.  The 
first  is  the  well-known  alloy  process  in  which  the  bandgap  is  tailored  by  varying  the  mole 
fraction  x of  CdTe  in  an  Hgi.xCdxTe  alloy.  The  second  is  a superlattice  structure,  in 
which  the  bandgap  is  determined  by  the  relative  thicknesses  of  alternating  HgTe  and 
CdTe  layers  in  a composite  semiconductor. 
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HguxCdxTe  Alloys 


At  77  K,  the  band  gap  of  the  semimetal  HgTe  is  -0.26eV,  and  that  of  the 
semiconductor  CdTe  is  1.6  eV.  These  materials  can  be  combined  with  various  fractional 
compositions  x to  tune  the  bandgap  Eg(eV)  of  the  Hgi.xCdxTe  alloy  according  to  the 
formula  (Hansen  and  Schmit  1 983): 

Eg  = -0.302  + 1.93*  + 5.35  x 10^  7(1  - 2jc)  - 0.810*2  + 0.832*3. 


Figure  1 shows  the  cut-off  wavelength,  defined  as  XC0(|im)=1.24/£'g(eV),  as  a 
function  of  fractional  composition  x at  various  temperatures.  It  is  evident  that  by 
choosing  x between  0. 1 6 and  0. 1 7,  a wide  range  of  cut-off  wavelengths  in  the  FIR  can  be 
obtained.  For  the  approximate  0.01  eV  band  gap  needed  for  100  pm  response,  x would  be 
close  to  0. 17.  As  the  band  gap  approaches  zero,  small  fractional  changes  in  x lead  to  large 
fractional  changes  in  the  gap  energy,  and  generally  we  need  to  control  x to  within  0.2%  to 
have  a 10%  uncertainty  in  peak  response.  It  should  be  apparent  that  compositional 
inhomogeneities  in  this  case  lead  to  variations  in  the  gap  throughout  the  material 
resulting  in  non-uniformity  in  the  response  of  array  detectors.  Nevertheless,  with  MBE 
deposition  techniques  adequate  control  can  be  achieved.  Pioneering  work  on  low-gap 
HgCdTe  alloys  by  Spears  (1988)  was  done  with  much  less  precise  LPE  techniques,  and 
yet  usable  photoconductive  devices  were  produced  for  the  20-120  pm  region. 


temperature(K) 


Fig.l:  Cut-off  wavelength  versus  temperature  for  various  compositions. 
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HgTe/CdTe  Superlattices 

In  a superlattice  (SL)  device,  the  bandgap  is  controlled  by  adjusting  the  thickness  of 
alternating  material  layers  with  very  precise  molecular-beam-epitaxy  (MBE)  techniques. 
Possible  material  choices  are  the  II-VI  compounds  HgTe  for  the  wells  and  CdTe  (or  high- 
gap  HgCdTe)  for  the  barriers  of  the  superlattice.  Typically,  the  barrier  thickness  is  40  A 
and  the  well  thickness  is  many  times  greater  to  synthesize  a “zero-gap”  composite 
semiconductor.  Alternating  well  and  barrier  layers  are  deposited  until  the  total  thickness 
required  for  the  active  layer  (typically  5-10  pm)  is  built  up.  Over  a hundred  layer  pairs 
are  required.  Schulman  and  McGill  (1979)  first  proposed  HgTe-CdTe  superlattices  (SLs) 
as  promising  new  infrared  materials,  but  few  results  have  been  published  so  far.  Since 
MBE  is  now  a mature  manufacturing  technology  for  HgCdTe  devices,  we  believe  that  it 
is  now  possible  to  fabricate  SL  structures  for  FIR  applications.  We  favor  the  II-VI 
compounds  over  III-V  materials  such  as  InAs/InGaSb  because  of  their  higher  electron 
mobility,  which  is  important  for  high  speed  mixers.  The  UIC  Microphysics  Lab  also  has 
extensive  experience  with  II-VI  materials,  and  a demonstrated  proficiency  with  epitaxial 
growth  on  a variety  of  substrates  (Mahavadi  et  al.  1990;  Sporken  et  al.  1989;  Wang  et  al. 
1996). 

Superlattices  have  a number  of  potential  advantages  over  alloy  detectors  in  the  FIR: 
(i)  the  band  gap  of  the  material  is  much  easier  to  control;  (ii)  growth-direction  effective 
masses  of  electrons  and  holes  in  the  SL  are  decoupled  from  the  band  gap,  so  FIR 
detectors  with  larger  effective  masses  should  display  orders  of  magnitude  reductions  in 
the  tunneling  current;  (iii)  the  carrier  degeneracy  problem  near  band  edge  (longest 
wavelengths)  is  less  significant;  and  (iv)  a SL  can  suppress  Auger  recombination  at  long 
wavelengths  by  intentionally  inducing  strain. 

Although  theoretically  one  can  fabricate  low  band  gap  SLs  from  CdTe  barriers  and 
HgTe  wells,  the  well  thicknesses  get  large  and  hard  to  control  for  zero  bandgap  devices. 
A better  approach  might  be  to  use  HgTe  wells  and  HgCdTe  alloy  barriers,  where  the 
positive  gap  energy  of  the  alloy  is  nearly  matched  to  the  negative  -0.26  eV  gap  of  HgTe. 
The  required  +0.26  eV  HgCdTe  alloy  has  x = 0.18,  and  is  4 times  less  sensitive  to 
compositional  variations  than  an  alloy  with  x=0.168  designed  to  work  at  0.01  eV  directly. 
Furthermore,  possible  diffusion  of  Hg  from  the  wells  during  processing  can  be  allowed 
for  in  designing  the  deposition  process  for  the  barriers.  A SL  designed  with  pure  CdTe 
barriers  would  require  more  stringent  controls  on  Hg  diffusion. 

FIR  Mixers 

Photoconductive  materials  can  be  used  to  make  two  device  types  that  are  applicable 
as  FIR  heterodyne  mixers:  a reverse-biased  photodiode  (PD),  and  a DC-biased 
photoconductor  (PC).  A heterodyne  mixer  needs  an  extremely  fast  response  time  to 
achieve  a reasonable  IF  bandwidth  of  2 GHz.  Consequently,  a PD  mixer  must  be  reverse 
biased  with  a relatively  high  field  to  minimize  the  device  capacitance  and  to  maximize 
the  depth  of  the  depletion  region  where  photogenerated  carriers  can  be  collected  quickly. 
Whereas  this  can  be  done  effectively  with  high  bandgap  materials  (Eg>0.03  eV),  for  low- 
gap  materials,  the  high  space-charge  field  leads  to  excess  tunneling  currents  that  degrade 
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mixer  sensitivity.  Of  course,  for  FIR  applications,  low  gap  materials  must  be  chosen,  and 
we  are  left  with  the  PC  device  structure  as  our  only  choice  if  alloy  devices  are  used.  A PC 
mixer  can  operate  with  electric  field  strengths  10  times  less  than  those  required  by  a PD 
device,  provided  carrier  transit  times  are  kept  short,  and  that  means  a small  interelectrode 
spacing.  On  the  other  hand,  if  tunneling  currents  can  be  reduced  as  predicted  with  the 
superlattice  structure,  then  PD  devices  may  become  practical  out  to  100  pm  and  perhaps 
1 50  pm  wavelength. 

To  minimize  the  LO  power  required  by  a photoconductive  mixer,  it  is  important  to 
maximize  the  current  responsivity,  or  equivalently  the  photoconductive  gain  g , given  by: 

_ T wE 


Here  T is  the  transit  time,  p is  the  electron  mobility,  E the  applied  electric  field,  r is  the 
carrier  lifetime  which  sets  the  IF  bandwidth  B=(2jix)'\  and  d is  the  electrode  spacing.  For 
the  high-speed  devices  of  interest  here,  the  maximum  value  of  g is  1 when  all  the 
electrons  and  holes  are  collected.  Another  possible  condition  is  that  the  electrons  are 
collected  quickly  by  the  electrodes  but  the  slow  moving  holes  are  not.  This  leads  to  a 
condition  called  minority  carrier  sweepout  where  g(max)  = 0.5  . The  electron  and  hole 
mobilities  of  HgCdTe  are  high  (/4  = 105  cm2  V's'1  and  /4=/4/200),  and  the  carrier 
velocity  pE  readily  saturates  at  about  3xl07  cm  s'1  in  HgCdTe. 

Given  that  we  also  want  a minimum  IF  bandwidth  of  2 GHz  and  hence  carrier 
lifetime  of  10'10  s ',  the  only  variable  available  to  adjust  is  the  electrode  spacing  d. 
Maximum  gain  with  2 GHz  IF  bandwidths  requires  that  d be  no  larger  than  20  pm.  On 
the  other  hand,  a certain  detector  cross-section  D is  needed  for  efficient  coupling  to  an 
optical  field  - generally  D=2X.  The  solution  is  to  use  interdigitated  electrodes  (IDE)  on 
the  detector  surface,  with  the  required  electrode  number  N being  just  D/d.  For  A.=120  pm, 
D=240  pm  and  we  need  at  least  12  interdigitated  electrodes.  Surface  electrodes  are 
efficient  collectors  of  photogenerated  carriers  when  the  absorption  depth  is  not  much 
greater  than  the  electrode  spacing.  The  preferred  signal  polarization  is  perpendicular  to 
the  long  electrode  dimension.  Another  approach  would  be  to  couple  radiation  via  a Si 
immersion  lens  (n=3.416)  so  that  the  required  mixer  size  is  only  70  pm.  These  size  trade- 
offs must  be  considered  when  designing  8-element  heterodyne  arrays. 
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Interdigitated  Electrodes  (IDE) 


240  pm 


HgCdTe 


Figure  2:  Front  Surface  View  of  IDE  device 


The  general  expression  for  the  NEP  of  a photoconductive  heterodyne  receiver  is 
given  by  the  formula  (Kingston  1978): 


NEP  = 


hvB 
V . 


p 

] 1 Mm 


1 LO  J 


Normally,  a photoconductive  mixer  with  both  generation  and  recombination  noise  would 
have  an  NEP  twice  the  value  given  above.  However,  when  recombination  is  not  random, 
but  rather  occurs  only  at  the  contacts  (as  with  reverse-biased  photodiode  mixers),  then  the 
NEP  is  as  stated.  Contact  recombination  occurs  in  a photoconductor  when  the  minority 
carriers  are  all  swept  out,  and  this  condition  will  likely  obtain  for  the  IDE  devices. 

In  the  NEP  equation,  7?  is  the  quantum  efficiency,  B is  the  IF  bandwidth,  and  PLO  is  the 
local  oscillator  power.  PMin  is  the  LO  power  for  which  the  noise  power  of  the  LO-induced 
photocurrent  is  equal  to  the  input  noise  power  kTtFB  of  the  IF  amplifier  stage,  and  is 
given  by: 


P = 

rMm 


2kTIFh  V ^ t ,.pji 1 


e grjRIF 


(l  + ©V) 


Here  R/F  is  the  input  impedance  of  the  IF  amplifier  and  Tip  is  its  noise  temperature. 
The  variable  (o  is  the  IF  signal  frequency.  We  see  that  a high  value  of  g (with  a 
maximum  of  1)  minimizes  the  required  LO  power.  LO  power  levels  much  higher  than 
PMin  raise  the  system  gain  but  do  not  improve  the  NEP  sensitivity  significantly,  except  at 
frequencies  beyond  the  -3dB  IF  signal  bandwidth.  This  can  be  seen  in  Figure  3,  where 
the  above  power  equation  is  plotted  for  two  sets  of  conditions.  Under  ideal  conditions 
(77=1,  g=l),  and  with  7V=10  K,  R,f=50£l,  and  v=3  THz,  PMin  is  about  2 |iW.  With  more 
realistic  conditions  (77=0.4,  g=0.5),  P^m  is  10  pW.  Even  for  an  array  of  8 such  mixers, 
adequate  LO  power  is  available  from  a 1 mW  FIR  laser  coupled  via  a 10%  beamsplitter. 
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Figure  3:  LO  Power  Requirements 


Ideally,  p-type  HgCdTe  should  be  used  to  fabricate  a PC  mixer.  The  mobility  of 
holes  is  low  enough  that  a device  impedance  of  >50  Q is  possible  with  as  many  as  1 0 
interdigitated  electrodes  across  a 200  pm  surface,  provided  the  carrier  density  at  the 
operating  temperature  is  < 3xl015  cm"3.  P-type  material  also  eliminates  the  conduction 
band  filling  problems  encountered  with  n-type  material  that  lead  to  bleaching  of  the 
detector’s  long  wavelength  response.  Proper  control  of  materials  with  MBE  deposition 
should  allow  one  to  construct  a PC  mixer  with  good  quantum  efficiency  (>0.25)  over  the 
entire  50-150  pm  (2-6  THz)  band,  except  for  a “dead-spot”  between  70-90  pm  where 
HgCdTe  has  a lattice  band  absorption. 

We  can  be  fairly  certain  of  good  results  with  HgCdTe  alloy  material  because  FIR 
devices  have  already  been  made  this  way.  Spears  in  the  late  1980’s  developed  PC  mixers 
with  Hgi-xCdxTe  (x=0.168)  that  showed  a response  as  long  as  X=118  pm  [Spears  1988]. 
At  that  time  only  bulk  (ingot  grown)  materials  were  available,  and  the  exact  alloy 
composition  could  only  be  fixed  by  selection  from  material  with  a composition  gradient. 
In  addition,  that  material  was  n-type,  and  device  impedances  were  too  low  for  optimal  IF 
coupling.  Nevertheless,  Spears  was  successful  in  demonstrating  the  utility  of  IDE  biasing 
and  also  the  use  of  resonant  reflector-enhanced  absorption  to  increase  the  quantum 
efficiency  to  as  high  as  0.6  in  5 pm  thick  PC  devices.  Although  IF  bandwidths  between 
1.7  GHz  and  6.0  GHz  were  measured  for  devices  with  different  photoconductive  gains, 
no  heterodyne  sensitivity  tests  were  made. 
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Resonant  Cavity  Enhanced  (RCE)  Photodetectors 


If  interdigitated  surface  electrodes  are  to  be  used  effectively,  the  thickness  of  the 
absorbing  region  must  be  kept  smaller  than  the  interelectrode  spacing  so  that 
photogenerated  carriers  see  high  electric  fields.  This  imposes  the  requirement  that  the 
active  absorber  be  less  than  10  pm  thick.  We  can  use  thin  absorbers  and  still  get  high 
quantum  efficiencies  if  we  put  the  absorber  in  a resonant  cavity.  Figure  4 shows  a cross- 
sectional  view  of  the  resonant  device  structure.  A Fabry-Perot  cavity  is  defined  by  the 
front  surface  of  the  mixer  and  a suitably  spaced  rear  surface.  The  reflectance  R,  of  the 
front  surface  is  just  the  specular  reflection  from  the  uncoated  material.  The  rear  surface  is 
metallized  to  produce  a reflectance  R2  close  to  1 . The  pure  silicon  substrate  underneath 
the  active  region  provides  the  required  spacing. 


Photomixer  Cross-section 


Ri 


17.5  jim 

r2 


Interdigitated  electrodes 
Active  HgCdTe  layer 


Si  substrate 


— Au  reflector 

21=240  jim  


Figure  4:  RCE  Device  Structure 


The  enhancement  in  absorption,  and  hence  quantum  efficiency,  is  given  by  the  equation: 


1 1 = 


1 + 
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Here  y //  and  y/2  are  the  small  phase  shifts  at  the  two  surface  reflections  (here  assumed  = 
0),  a the  absorption  coefficient,  and  d the  thickness  of  the  active  layer.  R\  is  the  front- 
surface  (power)  reflection  coefficient,  and  R2  is  that  for  the  rear  surface.  The  overall 
device  thickness  is  L,  and  the  average  index  of  refraction  is  given  by  n.  This  equation  is 
plotted  in  Figure  5 for  two  sets  of  conditions.  When  Ri=R2=0,  we  have  single  pass 
absorption  for  AR  coated  surfaces.  We  see  that  for  realistic  conditions  we  can  enhance 
the  quantum  efficiency  by  greater  than  a factor  of  4 over  a 16%  bandwidth  (in  first 
order).  Quantum  efficiencies  greater  than  0.4  are  possible,  and  hence  heterodyne 
sensitivities  only  a few  times  worse  than  the  quantum  limit  are  feasible.  Spears  fabricated 
devices  of  this  type  in  the  late  1980’s,  but  was  unable  to  obtain  the  high  efficiencies 
predicted  here  because  of  low  absorption  efficiencies  at  long  FIR  wavelengths.  The  n- 
type  material  available  at  the  time  had  excessive  conduction  band  filling  (Burstein-Moss 
effect)  that  “bleached  away”  the  long  wavelength  response.  This  problem  can  be 
corrected  in  MBE  work  by  controlling  impurities  so  as  to  keep  the  material  p-type  with 
hole  densities  less  than  3x10 15  cm'3.  The  low  mobility  of  majority  holes  also  keeps  the 
dark  current  low  and  ensures  that  the  IDE  device  impedance  will  be  high  enough  for  IF 
matching. 


Resonant-Cavity-Enhanced  (RCE)  Photodetector 


Figure  5:  Resonant  Enhancement  of  Quantum  Efficiency 


We  believe  that  a quantum  efficiency  of  77=0.1  can  be  obtained  in  early  generation 
devices  at  3 THz.  Our  3-year  goal  is  77=0.4.  At  6 THz  (A.=50  pm),  initially  77=0.2  should 
be  possible  in  a resonant-cavity  device  structure.  The  3-year  goal  at  this  wavelength  is 
77=0.6.  A photoconductor  (PC)  is  inherently  a broadband  mixer  for  frequencies  higher 
than  the  energy  gap.  In  contrast  to  antenna  coupled  devices,  a HgCdTe  PC  mixer 
becomes  easier  to  fabricate  as  the  cutoff  wavelength  decreases. 

This  work  is  supported  in  part  by  NASA  under  giant  NAG5-10213. 
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Very  Wide  IF  Bandwidths  in  High  Mobility  Two-Dimensional  Electron  Gas  Semiconductor 

Heterostructure  Mixers 

Mark  Lee,  Loren  N.  Pfeiffer,  and  Ken  W.  West 

Bell  Laboratories  - Lucent  Technologies,  600  Mountain  Ave.,  Murray  Hill,  New  Jersey  07922 

There  has  been  great  progress  in  the  development  of  superconducting  hot-electron  bolometers 
(HEBs)  for  use  as  millimeter  and  sub-millimeter  wave  mixers.  In  particular,  the  diffusion-cooled  niobium 
HEB  has  demonstrated  low  noise,  low  local  oscillator  (LO)  power  requirement,  and  an  intermediate 
frequency  (IF)  bandwidth  of  2 to  10  GHz  in  devices  with  deep  sub-micron  channel  lengths.1  Yngvesson 
has  suggested2  that  the  same  principle  could  be  applied  to  the  two-dimensional  electron  gas  (2DEG)  in  a 
GaAs-AlGaAs  heterostructure.  Because  of  the  extremely  high  electron  mobilities  obtainable  in  a 2DEG, 
IF  bandwidths  much  wider  than  possible  in  a superconductor  should  be  achievable  in  much  larger 
devices,  with  acceptable  compromises  in  terms  of  gain,  noise,  and  LO  power. 

We  fabricated  antenna-coupled  HEB  mixers  using  very  high  mobility  2DEGs  in  a GaAs- 
Alo.28Gao.72As  heterostructure.  The  2DEG  mobility  is  3.1  x 105  cm2/V-s  at  77  K and  7.5  x 106  cmW-s  at 
1.5  K,  with  a sheet  carrier  density  of  2.4  x 10n  cm'2.  HEB  mixers  with  channel  lengths  L ranging  from  2 
to  10  pm  were  fabricated  by  etching  mesas  into  the  heterostructure,  and  the  ohmic  contacts  to  the  2DEG 
were  coupled  to  log-periodic  antennas  and  co-planar  waveguides.  Heterodyne  mixing  was  done  using  a 
fixed  115  GHz  source  and  a tunable  115  to  140  GHz  source,  both  coupled  in  quasi-optically.  The  IF 
bandwidth  of  the  measurement  system  was  20  GHz,  limited  by  an  IF  low-noise  amplifier. 

Operating  at  77  K,  we  directly  measured  3 dB  IF  bandwidths  ranging  from  3 up  to  19  GHz 
corresponding  to  mixers  with  L of  10  pm  down  to  4 pm,  respectively.  In  mixers  with  shorter  L, 
bandwidths  as  high  as  ~ 70  GHz  in  a 2 pm  long  device  can  be  extrapolated  from  Lorentzian  fits  to  the 
conversion  gain  roll-off.  These  bandwidths  are  all  limited  by  the  transit  time  of  a hot  electron  to  move 
across  the  channel.  For  mixers  with  L > 4 pm,  the  3 dB  frequency  scales  as  L'2,  indicating  that  the  hot 
electrons  diffuse  across  the  channel.  The  diffusion  constant  obtained  from  the  data  is  1.9  x 103  cm2/s. 
When  L < 4 pm,  the  transit  time  becomes  limited  by  ballistic  motion  across  the  channel. 

The  conversion  gain  measured  is  about  -16  dB  at  0.5  GHz  IF  using  approximately  10  pW  of  LO 
power.  The  conversion  gain  is  only  weakly  dependent  on  L,  but  appears  to  have  some  correlation  with 
the  DC  contact  resistance.  Preliminary  noise  power  measurements  show  a system  noise  temperature  of 
3500  K operating  at  77  K.  These  results  and  their  relation  to  calculated  expectations  will  be  discussed. 


1 B.  S.  Karasik,  M.  C.  Gaidis,  W.  R.  McGrath,  B.  Bumble,  and  H.  G.  LeDuc,  Appl.  Phys.  Lett.  71,  1567  (1997) 

2 K.  S.  Yngvesson,  Appl.  Phys.  Lett.  76,  111  (2000) 
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Abstract 

We  report  on  a new  regime  of  operation  of  High  Electron  Mobility  Transistor 
(HEMT)  terahertz  detectors,  in  which  we  apply  a constant  (dc)  drain  bias.  The  measured 
responsivity  increases  with  the  drain  current  by  more  than  an  order  of  magnitude  and 
saturates  at  the  dc  bias  corresponding  to  the  saturation  of  the  dc  drain  current  for  given 
gate  voltage.  We  link  this  increase  in  the  detector  responsivity  to  the  drain  bias 
dependence  of  the  gate-to-source  and  gate-to-drain  capacitances,  which  results  in  a much 
greater  asymmetry  in  the  boundary  conditions  for  plasma  waves.  These  results  confirm 
our  model  linking  the  HEMT  detector  response  to  the  propagation  of  overdamped  plasma 
waves  in  the  device  channel. 


Introduction 

Plasma  waves  in  short-channel  High  Electron  Mobility  Transistors  (HEMTs)  have 
a resonant  response  at  terahertz  frequencies  [1],  The  HEMTs  operating  in  a plasma  wave 
regime  should  respond  at  much  higher  frequencies  than  conventional,  transit-time  limited 
devices,  since  the  plasma  waves  propagate  much  faster  than  electrons.  We  refer  to  such 
devices  as  plasma  wave  electronics  devices.  The  rectification  of  the  plasma  waves 
(linked  to  the  asymmetry  of  the  boundary  conditions  at  the  source  and  the  drain)  can  be 
used  for  the  tunable  detection  of  electromagnetic  radiation  at  terahertz  frequencies. 

This  plasma  wave  electronics  short-channel  HEMT  detector  produces  an  open 
circuit  dc  voltage,  which  is  proportional  to  the  intensity  of  the  incoming  terahertz 
radiation  with  a resonance  response  to  electromagnetic  radiation  at  the  plasma  oscillation 
frequency.  The  resonant  plasma  frequency  can  be  tuned  by  the  gate  bias,  which  makes 
the  plasma  wave  electronics  detector  suitable  for  many  applications  involving  far  infrared 
spectroscopy  for  the  detection  of  chemical  and  biological  substances.  The  dynamic  range 
of  such  a detector  is  limited  by  the  gate  voltage  swing,  since  the  responsivity  decreases 
when  the  terahertz  radiation  induced  ac  voltage  becomes  on  the  order  of  a few  percent  of 
gate  voltage  swing. 

Longer  HEMTs  exhibit  a non-resonant,  broadband  response  to  electromagnetic 
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radiation  caused  by  overdamped  plasma  waves  that  degenerate  into  space  charge  waves 
in  very  long  devices.  Such  devices  can  still  be  used  as  broadband  detectors  for 
frequencies  up  to  several  tens  of  terahertz. 

Our  recent  experimental  data  (see  [2,3])  confirm  many  features  of  the  theoretical 
predictions  but  also  pose  many  questions.  We  have  demonstrated  non-resonant  detectors 
fabricated  using  AlGaAs/GaAs  [4]  and  AlGaN/GaN  HFETs  [5]  operating  at  frequencies 
below  20  GHz.  More  recently,  we  have  reported  on  the  implementation  of  the 
AlGaAs/GaAs  terahertz  HEMT  detector  [3,6],  where  the  devices  operated  at  2.5  THz, 
which  is  about  30  times  higher  than  the  transistor  cutoff  frequency. 

In  this  paper,  we  report  on  a new  regime  of  operation  of  such  HEMT  terahertz 
detectors  that  allowed  us  to  increase  the  device  responsivity  by  more  than  an  order  of 
magnitude.  The  motivation  for  this  new  regime  comes  from  our  theoretical  analysis  of  the 
effect  of  the  boundary  conditions  [5,7],  which  shows  that  the  maximum  detector  response 
occurs  when  the  asymmetry  between  the  boundary  conditions  at  the  source  and  drain 
contacts  of  the  device  is  the  largest.  (For  a completely  symmetrical  structure  with 
symmetrical  boundary  conditions,  we,  of  course,  expect  and  predict  a zero  detector 
response.) 


Experimental  Results 


Device  Characterizations 

The  experimental  results  reported  in  this  paper  were  obtained  using  a 
GaAs/AlGaAs  low  noise  HEMT  chip  (Fujitsu  FHR20X)  [8].  Figures  1 through  4 show 
the  measured  device  characteristics.  The  estimated  threshold  voltage  for  this  device  Vt  = 
-0.6  V.  The  device  gate  width  was  W = 100  pm  (two  section  of  50  pm  each).  The 
estimated  gate  length  was  approximately  L = 0. 1 5 pm. 


Fig.  1 . I-V  characteristics  of  the  HEMT.  The  data 
was  taken  when  only  left  source  is  grounded  and 
the  right  source  is  floating. 


Fig.  2.  HEMT  transfer  characteristics.  The  data 
was  taken  when  only  left  source  is  grounded  and 
the  right  source  is  floating. 
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Fig.  3.  HEMT  FHR20X  gate  leakage  current  versus 
gate  bias.  The  drain  source  bias  is  0.05  V. 


Fig.  4.  Saturation  drain  current  vs.  gate  bias,  Isat  vs 
VGS.  The  data  are  extracted  from  the  device  I-V 
characteristics  shown  in  Fig.  1 . 


Figure  5 shows  the  gain  versus  frequency  of  the  HEMT,  calculated  from  the 
scattering  parameters  taken  from  the  Fujitsu  Databook  [8],  where  the  bias  condition  is  as 
follows:  VDS  = 2 V,  IDS  = 5 mA. 


Frequency  (GHz) 


Fig.  5.  The  gain  versus  frequency  of  the  HEMT. 

Both  the  device  operating  frequency  (~18  GHz)  and  the  cutoff  frequency  are 
orders  of  magnitude  smaller  than  the  terahertz  frequency  of  the  radiation  used  in  our 
experiments.  This  makes  it  difficult  to  use  lumped  equivalent  circuit  for  the  interpretation 
of  our  experiments,  even  though  we  believe  that  the  asymmetry  in  the  values  of  the  gate- 
to-source  and  gate-to-drain  capacitances  still  represent  a crude  measure  of  the  boundary 
conditions  for  the  terahertz  signal  (see  our  discussion  below). 


105 


I2'h  International  Symposium  on  Space  Terahertz  Technology 


Terahertz  Detection 


The  terahertz  detector  was  fabricated  using  a Fujitsu  FHR20X  HEMT  mounted  on 
a quartz  substrate.  The  device  threshold  voltage  is  close  to  VT  = -0.6  V,  extracted  from 
the  measured  device  dc  characteristics.  A C02-pumped  far-infrared  gas  laser  served  as  a 
source  of  2.5  THz  radiation.  The  polarized  laser  beam  was  chopped  and  focused  on  the 
sample  as  shown  in  Fig.  6.  The  induced  dc  drain  voltage,  UDs  (that  appeared  in  response 
to  the  THz  radiation),  was  superimposed  on  the  drain  bias  voltage  (causing  a dc  drain 
current.  Ids)-  Uds  was  measured  using  lock-in  technique.  The  detector  was  tuned  by  a dc 
gate  bias,  VGs,  and  the  response  was  a strong  function  of  IDs- 


(b) 

Fig.  6.  Detector  layout  using  a Fujitsu  FHR20X  HEMT  with  Vt  = -0.6  V, 
and  (b)  measurement  setup  with  a 2.5  THz  laser.  The  detector  response  - 
the  dc  drain  voltage,  Uds,  was  measured  using  lock-in  technique. 

In  the  new  regime  of  operation,  we  apply  a dc  drain  bias.  The  drain  bias 
dependence  of  the  gate-to-source  and  gate-to-drain  capacitances  leads  to  a much  greater 
asymmetry  in  the  boundary  conditions  for  plasma  waves  and  greatly  enhances  the 
detector  responsivity.  As  can  be  seen  in  Fig.  7,  the  detector  response,  dc  drain  voltage, 
UDs,  increases  significantly  with  the  applied  dc  drain  current,  compared  with  the  response 
without  drain  current  (see  the  inset  of  Fig.  7). 
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We  should  also  notice  sharp  spikes  in  the  response  at  the  gate  bias  near  the 
threshold  for  drain  currents  from  0.1  to  0.5  |iA.  These  spikes  were  quite  reproducible. 
However,  at  the  moment  we  have  no  explanation  for  these  peaks. 


Gate  Bias,  VGS  (V) 


Fig.  7.  Measured  detector  responses  (UDs)  versus  gate  bias  (VGs)  at 
different  dc  drain  currents  (Ids)-  Inset  is  the  drain  response  without  a dc 
drain  current.  Also  shown  the  measured  spikes  in  response  in  an  expanded 
scale  (left  figure). 


We  also  notice  that  the  response  peaks  at  the  gate  bias  somewhat  below  threshold 
(see  Fig.  8).  This  is  predicted  by  our  theory  that  links  the  reduction  in  the  response  at  the 
gate  bias  well  below  threshold  due  to  the  gate  leakage  current  [9]. 


Fig.  8.  Typical  detector  responsivity  as  a function  of  gate  bias.  The  solid 
line  is  a first  order  simulation  using  a HEMT  detector  model,  which  is 
good  also  for  the  subthreshold  regime  [9].  The  parameters  used  for  the 
simulation  are  threshold  voltage,  Vj  = -0.52  V,  ideality  factor  extracted 
from  Fig.  2,  t|  = 1 .5,  and  the  leakage  factor,  f = 10‘3. 
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Fig.  9 shows  detector  response  versus  the  drain  current  at  different  gate  bias.  The 
response  increases  with  the  applied  dc  drain  current  and  saturates  at  a saturation  drain 
current  for  given  gate  bias. 


Fig.  9.  Measured  detector  responses  (UDS)  versus  dc  drain  current  (IDS)  at 
different  gate  biases  (VGs)  at  2.5  THz. 

Fig.  10  shows  the  gate  bias  dependence  of  the  saturation  currents  extracted  from 
I-V  characterization  and  from  Fig.  9,  Uds  versus  Ids  curve.  These  results  confirm  our 
model  linking  the  responsivity  increase  to  the  drain  bias  dependence  of  the  HEMT 
capacitances. 


Fig.  10.  The  saturation  drain  currents  versus  gate  bias.  The  circle  data  are 
extracted  from  Fig.  9,  UDs  versus  IDS  curve.  The  square  data  are  extracted 
from  the  device  I-V  characteristics  in  Fig.  1,  where  the  drain  current 
saturates  at  certain  drain  bias  for  a given  gate  bias. 
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Discussion 


Fig.  11  shows  the  calculated  dependencies  of  the  gate-to-source  and  gate-to-drain 
capacitances  for  zero  and  -0.3  V gate  bias  for  an  AlGaAs/GaAs  HEMT  with  parameters 
corresponding  to  our  devices.  The  gate-to-source  and  gate-to-drain  capacitance  values, 
Cgs  and  Cgd,  are  given  as  [10]: 


C - —C 

^ G S ~ 2 ch  I 


1- 


^GT  ^DSt  1 

^ ^GT  ~ V DSt  J 


C GS  ~ j ^ck  | 


GT 


2V  —V 

GT  r DSt 


where  Cch  is  gate  channel  capacitance  of  the  HEMT  at  zero  drain-source  bias,  the  gate 
bias  swing  Vqt  = Vgs-Vt,  and  Vose  is  the  effective  intrinsic  drain-source  voltage  given 
by: 


+ V, 


GTe 


Here,  Vjis  a constant  voltage  that  determines  the  width  of  the  transition  region  and  VGTe 
is  an  effective  gate  voltage  overdrive  (equal  to  VGT  above  threshold  and  of  the  order  of 
thermal  voltage  in  the  subthreshold  regime).  The  details  of  the  capacitance  model  are 
described  in  Reference  [10], 


Fig.  11.  Gate-to-source  and  gate-to-drain  capacitances  for  zero  and  -0.3 
gate  biases:  CGs  and  CGd  versus  drain  bias.  Parameters  used  in  the 
calculation:  threshold  voltage,  VT  = -0.6  V,  gate  width  and  length  W = 50 
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|im  and  L = 0.15  pm,  respectively,  AlGaAs  thickness,  di  = 25  nm, 
maximum  density  of  the  two-dimensional  (2D)  electron  gas,  nsmax  = 
2.5xl016m'2. 


As  can  be  seen  from  the  Fig.  1 1,  at  the  saturation  voltage,  which  is  approximately 
0.6  V in  the  frame  of  this  model  for  VGs  = 0 (0.3  V for  VGs  = -0.3  V),  CGd  is  nearly  zero, 
whereas  CGs  reaches  its  maximum  value.  Hence,  the  drain  bias  dependence  of  the  gate- 
to-source  and  gate-to-drain  capacitances  leads  to  a much  greater  asymmetry  in  the 
boundary  conditions  for  plasma  waves  and  greatly  enhances  the  detector  responsivity. 
This  asymmetry  reaches  its  maximum  at  smaller  drain  biases  for  smaller  (larger  negative) 
gate  biases  (compare  the  curves  for  VGs  = -0.3  V and  VGs  = 0 V). 

Figure  12  shows  that  the  response  saturates  as  a function  of  the  drain  bias  at 
approximately  the  dc  drain  saturation  voltage  of  I-V  characteristics.  This  is  in  agreement 
with  our  data  shown  in  Fig.  10  and  with  our  interpretation  linking  this  behavior  to  the 
enhanced  asymmetry  in  the  boundary  conditions  (see  Fig.  1 1). 


Drain  Bias,  (V)  Drain  Bias,  VDS  (V) 


(a)  (b) 

Fig.  12.  Comparison  of  the  drain  response  versus  drain  bias  to  dc  drain 
current  versus  drain  bias,  (a)  The  drain  response  versus  drain  bias  curve 
was  converted  from  Fig.  9.  (b)  The  I-V  characteristics  are  part  of  Fig.  1 . 


Conclusions 

Our  experimental  data  support  the  plasma  wave  mechanism  of  the  terahertz 
detection  by  High  Electron  Mobility  Transistors.  These  results  confirm  that  the  gate 
leakage  current  does  not  play  a role  in  the  terahertz  detection  in  the  above  threshold 
regime,  since  this  current  decreases  with  the  drain  bias.  A strong  enhancement  of  the 
detector  responsivity  by  a constant  drain  current  and  the  saturation  of  this  response  when 
the  dc  drain  current  reaches  saturation  point  confirm  the  dominant  role  of  the  asymmetry 
in  the  boundary  conditions  in  determining  the  detector  responsivity. 
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Abstract  — While  experimental  studies  of  kinetic-inductance  sensors  have  been 
limited  so  far  by  the  temperature  range  near  the  superconducting  transition,  these 
detectors  can  be  very  sensitivity  at  temperatures  well  below  the  transition,  where 
the  number  of  equilibrium  quasiparticles  is  exponentially  small.  In  this  regime,  a 
shift  of  the  quasiparticle  chemical  potential  under  radiation  results  in  the  change  of 
the  kinetic  inductance,  which  can  be  measured  by  a sensitive  SQUID  readout.  We 
modeled  the  kinetic  inductance  response  of  detectors  made  from  disordered 
superconducting  Nb,  NbC,  and  MoRe  films.  Low  phonon  transparency  of  the 
interface  between  the  superconductor  and  the  substrate  causes  substantial  re- 
trapping of  phonons  providing  high  quantum  efficiency  and  the  operating  time  of 
~1  ms  at  = 1 K.  Due  to  the  small  number  of  quasiparticles,  the  noise  equivalent 
power  of  the  detector  determined  by  the  quasiparticle  generation-recombination 
noise  can  be  as  small  as  ~10'19  W/VHz  at  He4  temperatures. 

Bolometric  sensors  are  currently  the  detector  of  choice  for  space  astrophysics  missions  in 
a broad  range  from  millimeter  waves  to  X-rays.  In  the  submillimeter  wave  range 
bolometers  are  the  only  option  having  currently  demonstrated  the  noise  equivalent  power 
( NEP ) of  the  order  of  10‘17  - 10'18  W/VHz  at  ~0.1  K [1],  Future  space  radio  telescopes 
will  require  two  orders  of  magnitude  greater  sensitivity  [2],  which  may  be  difficult  to 
achieve  with  a conventional  mechanical  design  of  the  bolometers  based  on  Si3N4 
membranes.  An  alternative  approach  to  the  problem  of  increasing  sensitivity  relies  on  the 
electron  heating  in  superconducting  structures.  The  corresponding  detectors  do  not 
require  thermal  mechanical  insulation  and  can  be  fabricated  on  bulk  substrates.  For 
example,  recently  proposed  hot-electron  resistive  microbolometer  with  disorder- 
controlled  electron-phonon  coupling  [3]  promises  the  NEP  ~ 10  19  W/VHz  and  the  time 
constant,  x ~ 10"5  s at  0.3  K,  and  NEP  ~ 1 0 ’20  W/VHz  and  t ~ 1 O'4  s [4]  at  0. 1 K.  Another 


112 


12th  International  Symposium  on  Space  Terahertz  Technology ; 


way  to  make  a hot-electron  sensor  is  to  use  a kinetic  inductance  of  a superconducting 
film.  In  this  case,  the  detector  will  be  able  to  operate  at  temperatures  above  1 K with  very 
high  sensitivity. 

There  has  been  significant  interest  to  the  kinetic-inductance  detectors  (KID)  operating 
near  the  superconducting  transition  [5,6,7,8,9,10],  Near  Tc,  the  kinetic  inductance  has 
strong  temperature  dependence  and  can  be  used  as  superconducting  thermometer.  Both 
bolometric  [5-7]  and  hot-electron  [8-10]  components  have  been  observed  in  the  response 
of  superconducting  microbridges  to  electromagnetic  radiation.  Infrared  bolometers  using 
kinetic  inductance  thermometers  have  been  developed  in  Refs.  5 and  6.  In  the 
superconducting  state  near  Tc,  the  electron  and  phonon  heat  capacities  and  characteristic 
relaxation  rates  are  close  to  those  in  the  resistive  state.  Therefore,  the  kinetic-inductance 
detectors  offer  approximately  the  same  NEP  and  the  response  time  as  corresponding 
resistive  bolometers  and  hot-electron  detectors.  The  main  advantage  of  the  inductive 
detectors  operating  near  Tc  in  comparison  to  the  resistive  counterpart  is  the  absence  of 
Johnson  noise.  To  our  knowledge,  the  non-equilibrium  (hot-electron)  mode  of  operation 
of  the  KID  at  T«TC  has  not  been  considered  yet.  Meanwhile,  this  regime  is 
advantageous  for  the  detector  operation  since  the  number  of  quasiparticles  is 
exponentially  small  and  the  corresponding  generation-recombination  noise  is  small  as 
well. 

In  the  current  paper,  we  consider  a hot-electron  KID  operating  in  the  superconducting 
state  far  below  the  superconducting  transition  but  still  at  temperatures  accessible  with 
sorption  He3  or  He4  cryostats.  Such  a detector  made  from  a superconductor  with  Tc  ~ 6- 
10  K allows  for  the  NEP  ~ 1 0 W/VHz  determined  by  the  quasiparticle  generation- 
recombination  noise.  The  background  radiation  is  effectively  cut  off  below  the 
superconducting  gap  frequency,  fc  = 2A/h  (A  is  the  superconducting  gap).  As  well  as  the 
resistive  hot-electron  detector  [3],  the  kinetic-inductance  one  has  a number  of  attractive 
features  for  submillimeter  and  far-infrared  operation:  the  devices  can  be  fabricated  on  Si 
or  sapphire  substrates,  the  rf  impedance  can  be  easily  matched  to  that  of  a planar  antenna, 
and  the  detectors  has  a large  array  scalability. 

The  schematic  circuit  of  the  KID  with  a SQUID  readout  is  shown  in  Fig.  1.  The  constant 
bias  current,  Ib,  splits  between  two  branches  of  a superconducting  loop.  The  change  of  the 
kinetic  inductance,  5Lk , of  the  detector  results  in  a signal  electric  current.  Si,  circulating 
in  the  superconducting  loop  and  producing  a magnetic  flux,  which  is  detected  by  a 
sensitive  dc  SQUID.  If  the  inductance  in  the  second  branch,  L2,  is  significantly  larger 
than  that  in  the  first  branch,  the  magnetic  flux  generated  by  radiation  is  given  by 

8<&=dIL1=SLkIx.  (1) 

Under  the  radiation,  the  kinetic  inductance  is  determined  by  the  nonequilibrium 
distribution  function  of  quasiparticles,  f{e ) , and  by  the  value  of  A , which  is  function  of 

f(£ ) [11], 
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1 

m,T) 


]de  [1-2 /(e-to)] 

A- §42 


g(g+  to)  + A2 

(A2  -g2)1/2[(g+  to)2  -A2]i/2  ' 


(2) 


Far  below  the  superconducting  transition,  the  nonequilibrium  distribution  function 
under  the  radiation  is  described  by  the  Boltzmann  function,  /(e)=exp[(/2  -e)/kBT], 
with  a non-vanishing  chemical  potential  [12]: 


2rP0^qp'\ 

tonp  J 


(3) 


Here  Pq  is  the  power  of  electromagnetic  radiation  absorbed  in  a unit  volume  of  the 
superconducting  microbridge,  Q is  the  radiation  frequency,  r is  the  coefficient  of 
quasiparticle  multiplication  due  to  electron-electron  and  electron-phonon  interactions,  Xqp 
is  the  quasiparticle  lifetime,  and  n0  is  the  concentration  of  equilibrium  quasiparticles: 

nQ  = v(0)  {nkBTM2f2  exp(— A/ kBT) , (4) 


v(0)  is  the  electron  density  of  states  at  the  Fermi  surface. 


The  quasiparticle  lifetime  is  determined  by  the  recombination  time,  tR,  enhanced  by 

phonon  re-trapping.  Every  time  two  quasiparticles  with  energy  A recombine,  a phonon 
with  energy  2A  is  emitted.  Even  in  thin  films  (thickness  d~  10  nm)  with  Tc>  5K,  the 
mean  free  path  of  such  phonons,  Xph=  rivf  / /zA  (vF  is  the  Fermi  velocity),  is  smaller  than 

the  effective  film  thickness  dJK  (£~0.0 1-0.1  is  the  acoustic  transparency  of  the 
film/substrate  interface  [13]).  As  a result  of  the  phonon  re-trapping,  the  quasiparticle 
lifetime,  tqp,  is  substantially  longer  than  the  recombination  time: 


■qp  TRK  j 


4 d 


ph 


-0.8t e-ph(Tc) 


K 11 


ph 


(5) 


where  Te_ph(Tc ) is  the  electron-phonon  relaxation  time  in  the  normal  state.  The 

quasiparticle  lifetime  is  the  characteristic  response  time  of  the  hot-electron  KID.  Due  to 
exponential  temperature  dependence  and  strong  dependence  on  the  phonon  transparency, 
the  characteristic  time  can  be  varied  in  a broad  range  10'5-10"3  sec  at  1 K. 

To  model  the  detector  performance,  we  fist  find  the  inductive  response  to  radiation. 
Under  condition  of  strong  phonon  re-trapping,  the  quasiparticle  multiplication  factor 
r = [hil/ A [14].  According  to  Eqs.  1 and  2,  die  shift  of  die  kinetic  inductance  at  T « Tc  is 
given  by  the  change  of  the  non-equilibrium  distribution  function, 
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8Lk  28f(A)  2P0t 

l„  'TT^='wCexp(-A/t»7>exP(A/t'>7'>-  <6> 

The  basic  noise  mechanism  of  the  inductive  detector  is  intrinsic  fluctuations  of  the 
number  of  quasiparticles  (generation-recombination  noise).  Exponentially  small  number 
of  equilibrium  quasiparticles  (Neq)  well  below  the  superconducting  transition  in  micron 
size  film  structures  may  provide  unparallel  performance  of  the  KID  at  T-l  K.  The 
NEPGR  conditioned  by  the  generation-recombination  noise  is  given  by  [14]: 

NEPGR  =2A^Neq/  Tqp  « exp(-A / kBT)  (7) 

Here  Tqp  is  the  quasiparticle  lifetime,  A is  the  superconducting  gap. 

Assuming  that  Xqp  is  adjusted  to  1 ms  and  the  total  number  of  equilibrium  quasiparticles 
in  the  inductive  sensor  of  volume  V is  statistically  sufficiently  large,  Neq=n0V~  100,  the 
noise  equivalent  power  is  NEPGr  ~ 600AVHz  ~103&s7’,-VHz  = 10"19  W/VHz. 

The  total  NEP  includes  the  contribution  of  the  SQUID  readout.  Typical  flux  sensitivity  of 
modem  SQUIDs,  8d>  = 1 pOo/VHz  (O0  is  the  quantum  of  magnetic  flux),  and  the 
corresponding  NEPSquid  can  be  calculated  as 

<5$  NVA 

NEPsquo-^  i cxp(A / kB  T) . (8) 

lLkh  TqP 

As  an  example,  we  calculated  performance  of  a Nb  sensor  operating  at  1 K.  We 
considered  a 4.0xl.0  pm2  Nb  microbridge  made  from  a 10  nm  thick  film.  The  transition 
temperature  of  such  a film  is  6.5  K,  the  sheet  resistance  20  Q [15,16],  and  the 
electron-phonon  relaxation  time  is  0.6  ns  at  6.5  K [16].  According  to  Eq.  5,  the 
recombination  time  at  1 K is  1.4x1  O'5  sec.  The  film-substrate  acoustic  transparency  for 
2 A -phonons,  K,  is  not  well  known.  In  our  modeling  we  used  experimental  data  for  NbN 
thin  films  on  sapphire  substrate  [13]  which  suggest  the  parameter  t /tr  to  be  equal  4.4 

rf/nm.  Thus,  we  expect  the  quasiparticle  lifetime  in  a 10  nm  Nb  film  to  be  0.62  ms.  Such  a 
response  time  is  short  enough  for  most  of  applications.  Note,  that  substrates  with  rigid 
lattice  and  large  acoustic  impedance  (e.g,  diamond)  would  provide  strong  acoustic 
mismatch  to  the  superconducting  films,  and,  therefore,  increase  the  quasiparticle  lifetime. 

The  results  of  modeling  of  the  noise  characteristics  are  shown  in  Fig.  2 (the  kinetic 
inductance  of  the  Nb  microbridge  was  1 8 pH  and  the  electric  current  was  chosen  be  1 
mA).  The  NEPSquid  is  significantly  smaller  than  the  NEPGR,  and  NEPgr  ~ 0.6xl019 
W/VHz  is  achievable  at  T=  1 K.  The  reduction  of  volume  might  produce  additional 
decrease  of  the  NEP  but  at  the  same  time  the  number  of  quasiparticle  would  become  too 
small  to  obtain  reasonable  dynamic  range.  A thin-film  inductive  sensor  is  naturally  well 
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matched  to  a planar  antenna  impedance  (Z  =40-100  £i)  at  wavelengths  X < Xc=  he/  2A  ~ 
0.4  mm,  whereas  the  background  radiation  with  X>XC  is  not  absorbed  by  the  sensor. 

Note,  that  since  the  device  length  is  much  smaller  than  (Z>Cqp)1/2  = 200-400  pm  (D  is  the 
electron  diffusion  constant)  the  Andreev  contacts  with  the  superconducting  gap  larger 
than  A should  be  used  to  prevent  the  diffusion  loss  of  quasiparticles  from  the  sensor 
volume.  In  our  example,  thicker  Nb  films,  or  NbN  and  NbC  films  can  be  used  for  contact 
material. 

In  Table  1 we  summarize  characteristics  of  the  Nb  detector  and  also  present  film 
parameters  and  characteristics  of  NbC  and  MoRe  KIDs  with  the  NEP  ~ 10" 19  W/vHz  at  1- 
1.6  K.  We  used  parameters  of  available  films  (NbC  [17]  and  MoRe  [18])  and  optimized 
the  characteristics  in  the  following  way.  The  operating  temperature  was  chosen  to 
provide  the  response  time  of  -1  ms  (Eq.  5 with  the  trapping  factor  Itr  = 4.4  d/nm). 

The  volume  of  the  sensor  was  taken  sufficiently  large  to  accommodate  -100  equilibrium 
quasiparticles.  The  number  of  squares  was  adjusted  to  match  the  sensor  rf  impedance  to 
that  of  a planar  antenna  impedance. 

Note,  that  despite  NbN  thin  films  have  been  also  well  characterized  and  can  have  large 
Tc,  they  are  not  useful  for  sensitive  KIDs  since  its  electron-phonon  relaxation  time  in  this 
material  is  too  short  [13].  Our  analysis  is  not  applicable  to  high-temperature  cuprates, 
which  are  d-wave  superconductors  with  large  number  of  quasiparticles  in  nodal  regions. 
New  s-wave  superconductor  MgE^  with  Tc  = 40  K may  be  an  interesting  material  for 
mid-  and  near-infrared  KIDs  offering  a broad  temperature  range  for  adjusting  of  the 
lifetime  and  the  sensitivity. 

In  conclusion,  we  have  analyzed  the  kinetic  inductance  detector  in  the  hot-electron  mode 
well  below  the  superconducting  transition.  The  detector  noise  equivalent  power  of  the 
order  of  10'19  W/VHz  has  been  found  to  be  possible  at  temperatures  above  1 K.  The 
detector  output  can  be  read  out  by  a conventional  dc  SQUID  amplifier.  A high  rf 
impedance  and  possibility  to  fabricated  sensors  on  bulk  dielectric  substrates  are  attractive 
for  making  a submillimeter  monolithic  array  of  antenna-coupled  detectors. 

We  acknowledge  useful  discussions  with  W.R.  McGrath. 
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Fig.  1.  The  schematic  circuit  demonstrating  redistribution  of  the  signal  current  in  a 
KID/SQUID  loop.  An  increase  of  the  kinetic  inductance  caused  by  radiation 
decreases  the  current  flowing  through  a SQUID  coil  producing  detectable 
magnetic  field. 
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Fig.  2.  Temperature  dependencies  of  the  NEP  and  the  quasiparticle  lifetime  in  the  Nb 
KID. 
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In  recent  years,  Composite  Optics,  Inc.  (COI)  has  made  significant  advances  in  the  use 
of  carbon  fiber  reinforced  polymer  (CFRP)  composite  materials  for  astronomical 
instrument  applications.  The  inherent  low  density,  high  stiffness,  and  excellent  thermal 
stability  of  CFRP  makes  this  class  of  material  a natural  candidate  for  many  astronomy 
applications,  particularly  for  space-borne  instruments.  In  recent  years,  research  and 
development  at  COI  has  focused  on  how  to  reap  these  inherent  benefits  in  astronomical 
applications  where  other  demanding  requirements  also  exist.  Basic  research  has 
focused  on  material  and  process  improvement,  resulting  in  an  4 - 5X  improvement  in 
the  accuracy,  homogeneity,  isotropy,  and  thermal  stability  of  the  basic  material.  This 
has  been  accompanied  by  the  design,  fabrication,  and  test  of  large  prototype  reflectors 
that  cover  a broad  wavelength  spectrum  of  astronomical  interests.  Three  examples 
are:  a passively  adjusted  3-meter  aperture  prototype  reflecting  surface  for  the  Large 
Millimeter  Telescope  (LMT),  the  2-meter  aperture  prototype  mirror  for  the  Far  InfraRed 
and  Submillimeter  Space  Telescope  (FIRST),  and  a 1.6-m  prototype  for  the  Next 
Generation  Space  Telescope  (NGST). 

These  recent  accomplishments  have  two  important  implications  for  the  design  and 
fabrication  of  primary  reflectors  that  can  meet  the  requirements  of  terahertz  astronomy. 
First,  COI  has  demonstrated  a variety  of  techniques  for  fabricating  large  reflecting 
surfaces  from  composites  to  a few  microns  of  accuracy.  In  addition  to  high 
as-manufactured  accuracy,  an  all-composite  reflecting  surface  will  have  a coefficient  of 
thermal  expansion  (CTE)  of  less  than  0.1  ppm/°C.  This  may  be  the  only  material  that 
can  meet  the  thermal  stability  requirements  for  a ground-based  terahertz  instrument 
approach.  Secondly,  material  advances  can  be  applied  to  primary  and  secondary 
support  structure,  where  unparalleled  thermal  stability  may  also  be  enabling  for 
terahertz  instruments.  New  design  and  manufacturing  approaches  also  have  the 
potential  to  dramatically  minimize  the  need  for  high-expansion  metallic  fittings  in  these 
areas. 
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Abstract 

History  shows  that  in  astronomy,  more  is  better.  In  the  near  fiiture,  direct  detector  arrays  for  the 
far-infrared  and  submillimeter  will  contain  hundreds  to  thousands  of  elements.  A multiplexed 
readout  is  necessary  for  practical  implementation  of  such  arrays,  and  has  been  developed  using 
SQUIDs.  The  technology  permits  a 32  x 32  array  of  bolometers  to  be  read  out  using  -100  wires 
rather  than  the  >2000  needed  with  direct  wiring.  These  bolometer  arrays  are  made  by 
micromachining  techniques,  using  superconducting  transition  edge  sensors  as  the  thermistors. 
We  describe  the  development  of  this  multiplexed  superconducting  bolometer  array  architecture 
as  a step  toward  bringing  about  the  first  astronomically  useful  arrays  of  this  design.  This 
technology  will  be  used  in  the  SAFIRE  instrument  on  SOFIA,  and  is  a candidate  for  a wide 
variety  of  other  spectroscopic  and  photometric  instruments. 

Keywords:  bolometer,  far-infrared,  submillimeter,  superconducting,  SQUID,  detector  array, 
multiplexer,  transition  edge  sensor 


Introduction 

Advances  in  bolometer  fabrication  have  made  possible  the  construction  of  submillimeter- 
wavelength  cameras  with  up  to  100  direct-detection  bolometer  elements  (e.g.,  CSO  - SHARC 
(Wang  et  al.  1996),  JCMT  - SCUBA  (Holland  et  al.  1996),  IRAM  30m  (Kreysa  et  al.  1998)). 
Currently,  the  sensitivity  of  these  instruments  is  background-limited,  so  deep-  and  wide-field 
surveys  are  limited  by  the  number  of  detectors  and  the  amount  of  observing  time  available. 
During  the  past  decade,  the  number  of  bolometers  in  large  arrays  has  doubled  approximately 
every  2 years.  Within  the  next  few  years,  kilopixel  arrays  will  be  needed  for  the  next  generation 
of  astronomical  instruments  for  ground-based,  airborne  (SOFIA)  and  spacebome  platforms.  In 
order  to  achieve  a leap  to  a thousand  detectors,  a scalable  detector  architecture  must  be 
demonstrated.  Such  an  architecture  should  deal  with  both  the  fabrication  of  an  array  and  the 
electronics  used  to  read  it  out.  Specifically,  multiplexed  readouts  are  necessary  for  kilopixel- 
class  arrays.  In  this  paper,  we  present  first  results  for  an  architecture  which  can  be  readily  scaled 
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to  kilopixel  arrays  using  superconducting  sensors  and  a multiplexed  amplifier  technique 
(Chervenak  et  al.  1 999)  to  reduce  the  wiring  overhead. 

Detector  arrays  using  this  technology  are  currently  being  developed  for  use  in  the  SAFIRE 
instrument  for  SOFIA  (Shafer  et  al.  2001)  and  for  a ground-based  spectrometer  (Benford  et  al. 
2001).  A common  figure  of  merit  for  bolometers  is  the  Noise  Equivalent  Power  (NEP).  This  is 
the  power  that  yields  a signal-to-noise  ratio  of  unity  in  a 1Hz  bandwidth,  and  is  expressed  in 
units  of  W/VHz.  For  SAFIRE,  observations  of  the  Cli  line  at  1900GHz  (158pm)  with  a spectral 
resolving  power  of  1000,  the  maximum  NEP  for  the  detectors  must  be  10'17  W/VHz.  NEP  can 
be  converted  into  an  equivalent  noise  temperature  TN  = NEP/(2kVAv)  (Phillips  1988).  In  the 
above  case,  this  yields  a noise  temperature  of  around  8K.  While  not  achievable  with  heterodyne 
spectrometers  due  to  the  quantum  limit,  direct  detection  has  no  such  restriction. 


Superconducting  Thermal  Bolometers 

The  transition  between  a superconducting  and  a normal  state  can  be  used  as  an  extremely 
sensitive  thermometer.  A thin  film,  held  at  its  transition  temperature,  requires  only  a tiny  amount 
of  power  to  warm  it  above  its  transition,  increasing  the  resistance  by  a large  fraction.  In  fact,  the 
superconducting  transition  can  be  very  sharp,  yielding  a dimensionless  sensitivity  defined  as 
d logR  / d logT  ~ 1000  at  best.  Recently,  we  have  fabricated  thin  film  superconducting  bilayers 
of  molybdenum  and  gold  (Benford  et  al.  2000)  and  molybdenum  and  copper  (Irwin  et  al.  2000). 
One  such  transition  is  shown  in  Figure  1;  it  features  a bilayer  with  400A  of  molybdenum  and 
750  A of  gold,  yielding  a normal  resistance  of  220m£2.  Near  its  transition  temperature  of 
450mK,  the  sensitivity  approaches  1 100.  By  varying  the  thicknesses  of  the  bilayer  materials,  the 
transition  temperature  may  be  selected  to  suit  the  astronomical  application. 

Because  the  transition  region  is  narrow  (~lmK)  compared  to  the  temperature  above  the  heat  sink 
(150mK  above  a 3He  refrigerator  at  300mK),  the  TES  is  nearly  isothermal  across  the  transition. 
In  use  as  a detector,  the  power  applied  to  raise  the  TES  into  its  transition  region  is  nearly 
constant.  This  has  the  effect  that  the  response  becomes  linear  to  better  than  1%,  substantially 
better  than  the  typical  linearity  achieved  with  semiconducting  thermistors. 

In  order  to  make  a detector  of  the  appropriate  sensitivity,  we  have  fabricated  monolithic  linear 
silicon  bolometers  using  micromachining  techniques  (Figure  2).  These  bolometers  have  slim 
silicon  legs  that  provide  thermal  isolation  and  a 1mm2  absorber  to  couple  to  the  far-infrared  light. 
The  thermal  conductance  at  the  operating  temperature  determines  the  optical  power  that  the 
device  is  optimized  for;  current  arrays  are  being  fabricated  for  operation  with  =lpW  of  optical 
loading.  These  linear  bolometer  arrays  can  be  folded  such  that  the  legs  (and,  therefore,  electrical 
connections)  are  hidden  completely  behind  the  absorber,  allowing  close-packing  perpendicular  to 
the  array.  The  folding  is  possible  because  the  silicon  membranes  become  flexible  at  the  1pm 
thickness  used.  In  this  way,  a two-dimensional  array  of  large  size  can  be  made  with  near  unity 
filling  factor. 
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Figure  1.  Superconducting  transition  at  444mK  for  a Mo/Au  bilayer. 
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Figure  2.  A single  element  from  the  middle  of  a linear  array  of  TES  bolometers. 

The  absorber  is  1mm  on  a side. 


SQUID  Multiplexer  / Amplifier 

A low-impedance  detector  such  as  a superconducting  TES  is  well-matched  by  a superconducting 
SQUID  amplifier.  From  a fundamental  standpoint,  a SQUID  amplifier  functions  as  a magnetic 
flux  to  voltage  converter,  with  extremely  low  output  voltage  noise.  A voltage-biased  TES  in 
series  with  a pickup  inductor  placed  near  a SQUID  will  induce  a changing  flux  through  the 
SQUID  when  the  TES  resistance  changes.  This  changing  flux  results  in  an  output  voltage  which 
is  a periodic  function  of  the  input,  as  shown  in  Figure  3.  The  SQUID  amplifier  uses  the 
technique  of  Welty  & Martinis  (1993),  in  which  the  first  stage  SQUID  is  used  to  drive  a series 
array  of  SQUIDs  which  yield  a voltage  gain  of  100.  This  Series  Array  Amplifier  can  produce  an 
output  voltage  of  the  order  of  a millivolt,  readily  amplified  by  room-temperature  electronics. 
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In  order  to  remove  the  inconvenience  of  a periodic  and  strongly  nonlinear  output,  a digital 
linearization  circuit  has  been  built.  A second  inductor,  for  feedback,  is  also  placed  near  the 
SQUID.  Any  change  in  the  output  voltage  of  the  SQUID  is  reapplied  to  the  feedback  coil  with 
opposite  sign,  bringing  the  SQUID  back  to  its  original  total  input  flux.  This  has  the  effect  of 
nulling  the  SQUID  (i.e.,  its  net  flux  can  be  kept  near  zero  at  all  times)  and  linearizes  the  SQUID 
response  so  that  the  problem  of  handling  a periodic  output  need  not  be  tackled. 


Figure  3.  (L)  A single  SQUID  amplifier  circuit  and  (R)  its  transfer  function. 

A SQUID  amplifier  can  be  switched  rapidly  between  an  operational  state  and  an  inoperational, 
superconducting  state  by  biasing  the  SQUID  with  roughly  lOOpA  of  current.  If  we  stack  n 
SQUIDs  in  series  with  n+I  electrical  address  leads  as  shown  Figure  4,  driving  current  between 
an  adjacent  pair  of  leads  will  result  in  only  one  SQUID  being  operational.  With  the  other 
SQUIDs  in  the  superconducting  state,  the  output  voltage  across  the  entire  array  is  exactly  the 
voltage  across  the  one  active  SQUID.  In  this  manner,  only  one  amplifier  is  necessary  for  n 
detectors,  although  at  a data  rate  n times  faster.  This  is  time-division  multiplexing.  Adding  in 
connections  for  a common  TES  bias  and  feedback  signal,  and  a total  of  n+7  wires  are  needed. 


Figure  4.  A multiplexed  SQUID 
amplifier  reading  out  n detectors. 
A total  of  n+7  wires  are  needed 
(assuming  ganged  biases). 
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A 1x8  SQUID  multiplexer  has  been  built  (Figure  5)  and  tested  using  the  circuit  described  in 
Chervenak  et  al.  (1999).  One  triangle  and  one  sine  wave  inputs  were  fed  into  a cold  electronics 
setup  so  as  to  mimic  the  modulation  of  a signal  from  infrared  light.  The  multiplexed  amplifier 
was  switched  between  these  inputs,  amplified,  and  digitized.  A sample  time  series  of  data  at  this 
point  is  shown  in  Figure  5 of  Chervenak  et  al.  (1999).  This  data  can  be  demultiplexed  to  recover 
the  original  input  waves,  which  demonstrates  the  excellent  fidelity  of  the  amplifier  (Figure  6). 
Furthermore,  crosstalk  between  channels  is  a maximum  of  2%  (although  this  depends  on  the 
readout  speed).  Adjacent  channels  in  a Nyquist-sampled  detector  array  would  have  many  times 
this  level  of  optical  crosstalk,  so  the  multiplexer  has  sufficient  adjacent  channel  rejection  for 
most  purposes. 


Figure  5.  SQUID  Multiplexer/ Amplifier  for  8 detectors;  the  4 input  coils  flank 
the  100-element  series  array  on  the  left  and  right  sides. 

It  should  be  pointed  out  that  the  TES  is  biased  at  all  times,  and  is  low-pass  filtered  using  an 
inductor  with  time  constant  L/R~2ps  to  a response  time  slower  than  the  multiplex  switching 
time.  Effectively,  the  TES  self-integrates  so  that  the  multiplexer  samples  an  integrated  signal;  no 
loss  of  signal-to-noise  is  introduced  even  though  the  signal  from  each  TES  is  read  out  for  a 
shorter  time.  This  is  true  provided  that  the  noise  of  the  SQUID  is  substantially  less  (by  a factor 
of  more  than  Vn)  than  that  of  the  TES.  Furthermore,  in  order  to  remain  stable,  the  devices  must 
be  sampled  faster  than /l/r=(3+2V2)/tes  = 100  kHz. 
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Figure  6.  Crosstalk  measured  for  8 detectors  read  out  simultaneously;  one 
triangle  wave  and  one  sine  wave  excitation  were  applied. 

Performance  of  Multiplexed  SQUID  Readout 

Optical  performance  was  measured  in  a test  setup  designed  to  calibrate  low-background 
detectors  for  SPIRE  (Hargrave  et  al.  1999).  This  setup  used  a helium-cooled  blackbody 
consisting  of  a textured,  black,  carbon-loaded  epoxy  (Epotek  920)  wall  in  a gold-coated  cavity. 
Selectable  apertures  allow  the  throughput  to  the  blackbody  to  be  chosen.  The  blackbody  can  be 
heated  to  cover  temperatures  between  2K  and  40K.  A metal-mesh  bandpass  filter  at  350pm 
wavelength  (850GHz)  with  a fractional  bandpass  of  "“1/10  reduced  the  total  transmitted  power  to 
be  within  the  range  of  our  bolometers,  which  were  designed  to  saturate  (i.e.,  be  driven  normal)  at 
5pW.  The  result  of  the  blackbody  calibration  is  shown  in  Figure  7,  where  the  measured  power 
has  been  corrected  for  a bolometer  absorptivity  of  90%.  The  measured  response  follows  the 
theoretical  power  very  well  up  to  a saturation  power  of  2.1pW,  about  half  the  designed  value. 
The  excellent  linearity  of  TES  bolometers  is  one  of  their  best  features. 
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Figure  7.  Measured  and  theoretical  power  versus  blackbody  temperature  for  a 
helium-cooled  calibration  source,  assuming  a detector  absorptivity  of  90%. 

In  addition  to  calibration  with  the  blackbody,  the  test  setup  permits  an  external  source  to  be  used. 
In  order  to  reduce  the  optical  load  to  an  acceptable  level,  a 1%  transmissive  neutral  density  filter 
is  placed  in  the  beam.  The  time  constant  was  measured  by  using  a rapidly  chopping  blade  with  a 
hot/warm  load.  An  upper  limit  of  i:<2ms  was  found,  limited  by  the  speed  of  the  chopper.  A 
Fourier  transform  spectrometer  was  used  to  measure  the  frequency  response,  which  was  limited 
by  the  bandpass  filter.  No  bandwidth  degradation  due  to  inefficiencies  in  the  absorbing  coating 
were  seen.  Also,  a beam  map  was  made,  and  excellent  rejection  of  out-of-beam  power  was 
found. 

In  Figure  8,  we  show  the  Noise  Equivalent  Power  (NEP)  of  a TES  bolometer  using  an 
Aluminum/Silver  bilayer  operating  at  a transition  temperature  of  568mK.  The  NEP  over  the 
desired  10-100Hz  bandwidth  is  2.8xl0‘l7W/VHz.  The  phonon  noise  calculation  is  shown  as  a 
solid  line,  demonstrating  that  phonon-limited  performance  has  been  obtained.  Over  a 100GHz 
bandwidth  at  850GHz,  this  noise  level  corresponds  to  a detector  noise  temperature  of  3.2K.  The 
measured  noise  levels  of  lower-transition  (440mK)  devices  have  been  about  20%  above  the 
phonon  noise  level,  indicating  excess  noise  which  is  believed  to  arise  from  edge  effects  where 
the  bilayer  thicknesses  are  not  well  defined.  Recent  results  using  Molybdenum/Copper  bilayers 
appear  not  to  have  this  excess  noise. 

Finally,  we  have  used  the  multiplexer  to  read  out  8 detectors  simultaneously  while  observing  a 
chopped  hot/cold  load.  The  data,  read  out  in  real  time  like  a strip  chart,  are  shown  in  Figure  9. 
This  demonstration  showed  that  time  domain  multiplexing/demultiplexing  of  the  signals  from  8 
bolometers  was  feasible  in  real  time  with  high  fidelity.  Furthermore,  we  have  measured  the 
photon  noise  in  this  situation,  showing  that  it  is  ~10  times  the  electrical  noise  including  the 
detector  and  multiplexer  noise  contributions. 
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Figure  8.  NEP  of  a detector  operating  at  568mK.  The  phonon  noise  calculation 
is  shown  as  a solid  line,  demonstrating  that  phonon-limited  performance  has 
been  obtained  over  the  HMOOHz  signal  band. 
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Figure  9.  Multiplexed  detection  of  8 detectors  viewing  a chopped  hot/cold  load, 
read  out  simultaneously  and  demultiplexed  on-the-fly. 
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Conclusion 

We  have  demonstrated  superconducting  transitions  in  Mo/Au  and  Mo/Cu  bilayers  which  look 
promising  for  use  as  TES  films  on  sensitive  bolometers.  Noise  Equivalent  Powers  consistent 
with  phonon  noise  have  been  measured,  and  optical  efficiency  of  90%  has  been  achieved.  A 
multiplexed  SQUID  amplifier  has  been  fabricated  and  is  shown  to  provide  low-noise,  high- 
fidelity  readout  of  several  TES  detectors  with  a single  signal  output.  We  have  validated  the  use 
of  time-division  multiplexing  for  reading  background-limited  TES  bolometers  while  observing 
optical  sources.  This  architecture  can  be  extended  to  large-format  (thousands  of  detectors) 
bolometer  arrays,  having  application  in  future  far-infrared  instruments  such  as  SPIFI  on  the 
AST/RO  telescope  and  SAFIRE  on  the  SOFIA  observatory. 
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ABSTRACT  -It  is  well  known  that  HEB  devices,  whether  phonon-cooled  or  diffusion- 
cooled,  exhibit  unstable  regions  of  their  IV-characteristics.  These  phenomena  occur  when 
the  device  is  not  pumped  by  the  LO,  or  when  the  LO  power  is  decreased  sufficiently 
compared  with  the  power  level  required  for  optimum  operation.  The  bias  voltage  is 
between  the  critical  value  at  which  the  device  stops  being  superconducting,  and  the  point 
where  a stable  hotspot  is  formed.  We  have  studied  the  instabilities  occurring  in  un- 
pumped NbN  devices  that  are  also  being  used  in  our  THz  mixer  receivers.  The  aim  is  to 
understand  the  physical  processes,  which  produce  the  instabilities  in  the  device  under 
these  conditions.  Eventually,  this  should  also  be  useful  for  understanding  the  device 
models  in  the  LO-pumped  regime.  Whereas  other  researchers  have  reported  sidebands  of 
the  IF  in  diffusion  - cooled  devices,  we  find  that  a variety  of  different  frequencies  and 
waveforms  may  be  produced  in  the  NbN  devices,  with  frequencies  varying  from  about 
300  Hz  to  several  hundreds  of  MHz.  A typical  range  is  a few  hundred  kHz,  however. 
During  our  measurements  the  device  is  mounted  on  a circuit  board  and  enclosed  in  a 
small  box  in  order  to  present  well  - defined  circuit  conditions.  We  then  add  chip 
components  to  the  circuit  and  study  the  effect  these  have  on  the  instabilities.  We  have 
identified  some  conditions  for  which  the  device  is  stabilized,  which  may  be  useful  in 
practical  mixer  applications,  and  also  present  in  this  paper  preliminary  results  for  a model 
which  can  be  used  to  interpret  the  physical  processes  which  occur  in  the  devices.  In  this 
model  the  device  is  in  a metastable  hotspot  state  in  which  heating  and  cooling  recur 
periodically. 

INTRODUCTION 

The  theory  of  NbN  Hot  Electron  Bolometric  (HEB)  Mixers  has  primarily  been 
based  on  the  “standard  model”  in  which  the  device  is  regarded  as  a point  bolometerfl]. 
Newer  models  extend  the  treatment  to  one  or  two-dimensional  bolometers  [2,3],  and  have 
contributed  toward  a more  complete  understanding  of  these  new  devices.  Our  new 
approach  to  this  question  is  to  observe  the  NbN  HEB  mixers’  behavior  when  the  device  is 
biased  in  the  instability  region,  in  which  the  device  shows  negative  dynamic  resistance, 
and  to  present  a possible  model  to  interpret  the  experimental  data  obtained  in  this  region. 
Studying  the  negative  resistance  effects  in  HEBs  is  important  in  understanding  how  to 
optimize  the  bias  circuit  for  the  device’s  best  performance,  how  to  protect  the  device  and 
achieve  a long  lifetime,  and  how  to  model  the  device,  especially  vortex  phenomena. 
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In  the  superconducting  state  the  current  through  the  device  increases  with  applied 
bias  voltage  until  it  exceeds  the  critical  current  Ic,  whereupon  the  device  makes  a 
transition  from  the  superconducting  state  to  the  resistive  state  at  a voltage  of  a few  mV 
and  a lower  current.  Since  the  voltage  increase  is  associated  with  a decrease  in  current, 
this  transition  thus  represents  a negative  differential  resistance.  By  adjusting  the  bias 
voltage  to  values  between  these  two  states,  we  find  a region  of  the  I - V curve  in  which 
the  device  is  potentially  unstable  due  to  the  negative  resistance.  We  can  observe 
periodical  or  quasi  - periodical  waveforms  on  an  oscilloscope  with  frequency 
components  typically  ranging  from  about  100  kHz  to  6 MHz,  and  in  some  cases 
considerably  lower  (300  Hz)  or  higher  (hundreds  of  MHz). 


II.  EXPERIMENT  AND  RESULTS 

The  device  was  fabricated  from  a sputtered  3.5nm  NbN  thin  film  on  a silicon 
substrate,  and  was  integrated  with  a log  - periodic  antenna  [4],  The  critical  temperature 
of  the  film  is  10.5K.  Fig.  1 shows  the  experimental  set  up.  The  device  was  mounted  on  a 
circuit  board  in  a small  metal  box  to  reduce  the  outside  radiation  interference,  and  then 
connected  to  a semi  - rigid  coaxial  cable,  which  was  built  into  a dipstick  used  to  insert 
the  device  into  a liquid  helium  dewar.  The  bias  voltage  was  applied  to  the  device  through 
a low  pass  filter  and  the  coax.  The  oscillation  frequency  was  observed  by  a Tektronix 
1 1403 A digitizing  oscilloscope. 


Bias  Supply 

1=1 

LPF 

Oscilloscope 

■4 Dipstick 


Liquid  Helium 


Device 


Fig.  1 : Experimental  set  up  for  the  HEB  negative  resistance  study 

There  are  five  different  regions  in  the  typical  I - V characteristics  as  shown  in  Fig.  2.  The 
entire  device  is  superconducting  in  region  (1),  reaching  a critical  current,  ICs,  at  which  the 
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current  drops  snd  instabilities  of  different  kinds  cun  be  observed.  First,  slow  jumps  occur 
in  region  (2),  which  are  picked  up  directly  by  our  Labview  I - V recording  system.  We 
have  found  that  the  jumping  frequency  depends  mainly  on  the  opamp  circuit  in  the  bias 
supply,  and  can  be  as  slow  as  300  Hz.  Quite  large  amplitude  oscillations  occur  in  this 
region.  A stable  hotspot  occurs  in  region  (4),  which  will  expand  gradually  with  the  bias 
voltage  until  the  whole  film  goes  normal.  LO  power  is  applied  in  region  (5).  The  current 
through  the  device  is  then  suppressed  to  a lower  level.  In  between  regions  (2)  and  (4)  is 
region  (3),  in  which  the  recorded  DC  current  and  voltage  are  relatively  stable,  and 
oscillations  can  be  detected  on  an  oscilloscope.  We  believe  the  oscillation  frequencies  in 
region  (3)  are  related  to  both  the  physical  characteristics  of  the  device,  and  to  other 


Fig.  2:  Typical  I - V Characteristics  of  NbN  HEB  Device 


components  connected  to  it,  and  our  HEB  negative  resistance  study  is  focussed  on  this 
region.  From  stability  theory  a network  is  stable  if  the  real  part  of  the  impedance  is 
greater  than  zero;  thus  it  is  possible  to  stabilize  the  HEB  device  in  its  negative  resistance 
region  by  inserting  a series  resistor  in  the  circuit,  as  shown  in  Fig.  3.  Rs  is  the  internal 
resistance  of  the  bias  supply,  which  is  very  low  due  to  a feedback  circuit.  Rstab  is  the 
series  - stabilizing  resistor.  Increasing  Rstab  will  eventually  make  the  circuit  stable. 
There  will  be  no  oscillations  detected  after  the  circuit  is  stable.  We  tested  several  devices, 
and  the  measured  Rstab  value  ranges  from  6ft  to  20ft.  Fig.4  shows  the  I - V 
characteristics  after  inserting  the  stabilizing  resistor.  The  I - V curve  without  the 
stabilizing  resistor  is  also  included  in  order  to  provide  a comparison.  Based  on  this  simple 
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model  we  can  conclude  that  the  negative  resistance  of  the  HEB  devices  we  tested  is 
around  - 60  to  - 200. 


R $»  0. 1 Q 


Stabilizing  resistor  RSTAB 


M-fMrCID- 


* DC  -r 


Cout 


/Tv 


imn 


HEB 

-R  « -6  ~ -20fi 


Voltage 
Measurement  point 


Fig.  3:  HEB  measurement  circuit  diagram  after  inserting  stabilizing  resistor 


Fig.  4: 1 - V Characteristics  of  HEB  Device  with  stabilizing  resistor 


Typical  oscillation  waveforms  measured  in  region  (3)  are  shown  in  Fig.  5.  The  bias  point 
at  which  the  measurements  were  made  is  shown  in  Fig.  7.  The  current  measurement  was 
done  by  measuring  the  voltage  across  a series  resistor  inside  the  bias  supply,  which 
doesn’t  affect  the  internal  resistance  of  the  supply.  Fig.  5(a)  shows  that  die  voltage 
periodically  has  sharp  spikes  with  relaxation  oscillations  that  almost  die  out  before  the 
next  spike  comes.  The  repetition  rate  of  the  spikes  is  about  several  hundred  kHz.  It 
increases  with  the  bias  voltage,  and  can  also  be  decreased  by  adding  some  series 
inductance.  Fig.  5(b)  is  the  corresponding  current  waveform.  The  current  drops  a little  bit 
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as  the  voltage  spikes  occur,  and  then  recovers  with  a relatively  longer  time  constant  as  the 
voltage  spikes  die  out.  The  percent  change  in  current  is  only  about  1%.  The  device  was 
also  measured  with  a microwave  vector  network  analyzer  from  300  kHz  to  400  MHz,  and 
showed  a positive  resistance , essentially  independent  of  frequency  over  this  range  (Fig. 
6).  The  measured  microwave  resistance  is  equal  to  the  average  DC  resistance,  as  shown 


Fig.  7:  Average  resistance  of  HEB  at  the  operating  point  during  ANA  measurement 
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in  Fig.  7.  It  follows  the  DC  resistance  of  the  bias  point  as  the  bias  voltage  is  increased. 
The  simple  negative  resistance  model  we  used  above  cannot  explain  this  behavior  — it 
would  predict  that  the  network  analyzer  should  measure  a negative  resistance  value. 
Instead,  we  will  introduce  a version  of  the  hotspot  model  which  is  related  to  the  one  - 
dimensional  models  studied  by  Merkel  et  al  [2,3].  Fig.  5 clearly  indicates  that  most  of  the 
time  both  the  voltage  and  the  current  are  stationary,  and  thus  the  device  resistance  is 
essentially  constant:  the  current  only  changes  by  1%,  and  the  voltage  is  constant  except 
for  a brief  interval  when  the  voltage  spikes  are  detected.  We  believe  that  the  device  is 
heated  or  cooled  periodically  due  to  the  negative  resistance  effect,  and  correspondingly 
the  hotpot  expands  or  shrinks  at  the  same  rate.  Thus,  the  hotspot  formed  in  region  (3)  is 
different  from  that  in  region  (4),  where  the  hotspot  is  stable  with  a length  determined  by 
the  bias  voltage.  We  will  introduce  the  term  “ metastable  hotspot'  to  describe  the  device 
in  region  (3),  and  will  expand  further  on  this  idea  in  section  III.  The  clearest  evidence  for 
this  model  is  furnished  by  the  network  analyzer  measurements,  which  indicate  that  the 
average  resistance  is  positive.  The  instability  represented  by  the  negative  resistance  effect 
is  then  limited  to  the  brief  interval  when  the  voltage  spikes  occur.  The  voltage  spikes  are 
not  seen  by  the  network  analyzer,  partly  because  they  are  at  a too  low  frequency  to  pass 
the  bias  tee  of  the  ANA,  and  partly  because  the  phase  detector  of  that  instrument  will  not 
detect  them. 


in.  DISCUSSION 


We  now  discuss  our  interpretation  of  the  measured  results  in  terms  of  a one  - 
dimensional  hotspot  model. 

The  superconducting  state 

First,  jn  region  (1}  the  device  is  superconducting  and  the  magnetic  field 
associated  with  the  current  begins  to  penetrate  the  NbN  film,  forming  a number  of 
vortices.  This  is  typical  of  all  type  II  superconductors.  The  fact  that  we  do  not  detect  a 
voltage  indicates  that  the  vortices  are  not  moving;  they  are  pinned  by  defects  in  the  film. 
At  the  critical  current  (Ics,  the  critical  current  in  the  superconducting  state)  the  Lorentz 
force  between  the  current  and  the  magnetic  field  exceeds  the  pinning  force,  and  the 
vortices  move  transverse  to  the  film,  inducing  a voltage.  The  voltage  dissipates  power 
which  heats  the  film,  increasing  its  resistance  and  decreasing  the  current.  This  represents 
the  basic  negative  resistance  effect. 

The  metastable  hotspot  state 

Skipping  region  (2)  for  a moment,  we  will  now  discuss  region  (31.  The  suggested 
first  order  model  for  the  metastable  state  in  this  region  is  shown  in  Fig.  8.  Refer  to  Fig.  5 
for  the  voltage  and  current  versus  time.  In  the  middle  of  the  device  there  is  a metastable 
hotspot  with  electron  temperature  Te  > Tc,  and  with  vortices  located  outside  of  it.  After 
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the  initial  decrease  in  current  the  vortices  will  again  be  pinned  since  the  Lorentz  force  has 
decreased.  The  device  has  a resistance  due  to  the  hot  spot  shown  in  the  figure.  Less 
power  is  also  being  dissipated,  and  the  current  rises  again.  When  the  current  reaches  a 
new  and  lower  critical  current  Icm  (critical  current  in  the  metastable  state)  the  vortices 
begin  to  move  again,  which  gives  rise  to  the  voltage  spikes.  The  device  is  then  again 
heated.  The  hotspot  expands  slightly,  but  there  is  not  enough  heating  power  to  complete 
the  process  and  form  a stable  hotspot  as  in  region  (4),  so  the  voltage  spikes  die  out.  The 
device  then  begins  to  cool  down,  and  the  hotspot  decreases  in  length.  The  resistance 
reduction  causes  the  current  to  increase  until  it  reaches  Icm  again.  This  model  then  shows 
that  the  voltage  and  current  are  close  to  the  metastable  bias  point,  except  for  the  brief 
voltage  spikes.  It  appears  reasonable  to  assume  that  the  heat  transfer  equations  of  the 
hotspot  model  [2,3]  have  metastable  solutions  of  the  above  type.  Further  theoretical 
explorations  of  this  model  will  have  to  be  pursued  to  prove  this  point,  however. 

Critical  current 

The  average  current  in  region  (3)  (about  300  pA,  see  Fig.  4)  is  roughly  equal  to 
the  critical  current  under  the  conditions  which  correspond  to  a hotspot  in  the  middle  of 
the  device,  since  the  measured  current  only  oscillates  by  1 %.  It  is  well  known  that  the 
critical  current  decreases  with  the  temperature.  As  shown  in  [2,3]  the  electron 
temperature  Te  close  to  the  hotspot  is  a little  less  than  the  critical  temperature  Tc,  and 
therefore  the  critical  current  (Icm)  is  less  than  that  when  the  device  goes  from  the 
superconducting  state  to  the  unstable  state  (Ics).  The  latter  critical  current  has  a higher 
value  (600  pA,  Figure  4)  since  the  entire  device  is  at  a lower  temperature  (4.2K)  in  this 
case. 

Voltage  dependence  of  the  repetition  frequency 

The  voltage  spikes  appear  to  produce  about  the  same  amount  of  heating  each 
timftj  independent  of  die  bias  voltage.  This  is  consistent  with  the  fact  that  the  current  (and 
not,  die  voltage)  determines  the  density  of  the  vortices,  as  well  as  the  Lorentz  force  they 
are  exposed  to;  note  that  the  current  is  observed  to  be  roughly  constant  in  region  (3).  The 
cooling  effect  produced  by  the  hotspot,  however,  is  proportional  to  the  area  of  the  hotspot 
(the  ruling  is  due  to  phonons  emitted  from  the  film  through  the  film/substrate  interface). 
As  the  bias  voltage  increases,  the  hotspot  expands,  and  it  is  then  able  to  remove  the  heat 
produced  by  the  voltage  spikes  faster.  Therefore,  the  current  reaches  Icm  faster,  and  the 
repetition  rate  of  the  periodic  heating  and  cooling  cycle  increases,  as  observed. 

Effect  of  the  stabilizing  resistor 

We  can  now  also  explain  the  effect  of  the  stabilizing  resistor  in  terms  of  the 
metastable  hotspot  model.  Without  a stabilizing  resistor  we  have  a fairly  wide  range  in 
voltage  over  which  the  unstable  state  occurs.  We  finally  reach  region  (4).  and  a stable 
hotspot,  when  the  hotspot  is  large  enough  to  produce  sufficient  cooling  to  take  care  of  the 
extra  heating  periodically  produced  by  the  vortices  (see  Fig.  4).  If  we  insert  a sufficientiy 
large  stabilizing  resistor  in  series  with  the  bias  source,  then  when  the  current  reaches  Ics. 
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the  voltage  is  large  enough  to  produce  a hotspot  which  is  again  large  enough  to  cool  the 
device,  and  prevent  the  heating  due  to  the  vortices  from  recurring  periodically. 


Effect  of  the  external  circuit 

The  repetition  frequency  of  the  waveforms  shown  in  Fig.  5 can  be  decreased  if  an 
inductance  is  added  in  series  with  the  bias  supply.  With  other  circuit  configurations,  we 
have  recorded  oscillations  which  were  more  sinusoidal,  down  to  about  300  Hz,  and  as 
high  as  several  hundred  MHz.  The  oscillations  in  region  (2)  also  tend  to  be  more 
sinusoidal. 

Instabilities  in  an  LO-pumped  device 

At  the  previous  Space  THz  Technology  Symposium,  sidebands  on  either  side  of 
the  IF  frequency  were  reported,  when  recording  the  output  of  diffusion-cooled  HEB 
mixers  on  a spectrum  analyzer  [5].  The  sidebands  occur  when  the  IV-curve  shows  a 
negative  slope  (or  a close  to  zero  slope).  We  believe  that  these  sidebands  are  related  to 
the  type  of  oscillations  we  have  recorded  through  the  bias  line. 

In  terms  of  the  hotspot  model,  there  should  be  a continuous  transition  from  a 
stable  hotspot  state  when  sufficient  LO  power  is  applied,  to  the  unstable  region,  as  the 
LO  power  is  decreased.  We  will  extend  our  studies  to  this  transition  in  future  work.  We 
will  design  an  improved  bias  circuit  for  the  NbN  mixer  based  on  the  new  data  presented 
here.  Vortices  should  occur  in  the  stable  hotspot  state  as  well,  and  a comparison  of  the 
hotspot  models  in  regions  (3),  (4)  and  (5)  should  be  illuminating  in  regard  to  the 
performance  of  THz  NbN  HEB  mixers  in  general. 


Metastable  hotspot  shrinks  in  length 
Fig.  8:  Suggested  first  order  model  for  the  metastable  state 
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IV.  CONCLUSION 

In  this  paper  we  have  studied  un  - pumped  NbN  HEB  devices  in  the  instability  region. 
Inserting  a series  resistor  can  stabilize  the  devices.  The  negative  resistance  of  the  tested 
devices  is  around  - 60  to  - 20  Q.  Measured  voltage  and  current  waveforms  in  the 
instability  region  imply  that  the  devices  exist  in  a metastable  state  in  which  the  unstable 
hotspot  expands  or  shrinks  periodically  at  the  device  is  heated  or  cooled.  This  preliminary 
first  order  model  was  used  to  interpret  the  experimental  data. 

ACKNOWLEDGEMENTS 

We  gratefully  acknowledge  support  for  this  project  from  the  NSF  program  for 
Advanced  Technologies  and  Instrumentation,  Division  of  Astronomical  Sciences,  NSF 
award  # AST  9987319.  We  would  like  to  thank  C.F.  Musante  for  fabricating  the  HEB 
devices,  Dr.  Gregory  Goltsman  and  Dr.  Boris  Voronov  for  growing  the  NbN  films,  and 
F.  Rodriguez-Morales  for  assistance  during  the  measurements.  We  would  also  like  to 
acknowledge  stimulating  discussions  with  Drs.  Erich  Grossman  and  Harald  Merkel. 

REFERENCES 

[1]  K.  S.  Yngvesson  and  E.  L.  Kollberg,  “Optimum  Receiver  Noise  Temperature  for 
NbN  HEB  Mixers  According  to  the  Standard  Model”,  Tenth  Intern.  Symp.  Space  THz 
Technology,  Charlottesville,  VA,  March  1999,  p.  563. 

[2]  E.  Gerecht,  C.  F.  Musante,  Y.  Zhuang,  M.  Ji,  K.  S.  Yngvesson,  T.  Goyette  and  J. 
Waldman,  " Development  of  Focal  Plane  Arrays  Utilizing  NbN  Hot  Electron  Bolometric 
Mixers  for  the  THz  Regime",  Eleventh  Intern.  Symp.  Space  THz  Technology,  Ann 
Arbor,  MI,  p.  291.  - . 

[3]  H.  Merkel  et  al,  “A  Hot  SpQt  Mixer  Model  for  Superconducting  Phonon  - Cooled 
HEB  Far  Above  the  Quasi  - Particle  Bandgap,”  Tenth  Intern.  Symp.  Space  THz 
Technology,  Charlottesville,  VA,  March  1999,  p.  580. 

[4]  H.  Merkel  et  al.,  "An  Active  Zone  Small  Signal  Model  for  Hot  Electron  Bolometric 
Mixers,"  this  conference. 

[51 1.Siddiqi,  A.  Verevkin,  D.E.  Prober,  A.  Skalare,  B.S.  Karasik,  W.R.  McGrath,  P. 
Echtemach,  and  H.G.  LeDuc,  "Aluminum  Sub-Micron  Superconducting  Hot-Electron 
Bolometer  Mixers",  Eleventh  Intern.  Symp.  Space  THz  Technology,  Ann  Arbor,  MI,  p. 
91. 


140 


12,h  International  Symposium  on  Space  Terahertz  Technology 


Development  of  Nb/Au  bilayer  HEB  mixer  for  space 

applications 

P.  Yagoubov,  X.  Lefoul*,  W.F.M.  Ganzevles*,  J.  R.  Gao, 

P.  A.  J.  de  Korte,  and  T.  M.  Klapwijk* 

Space  Research  Organization  of  the  Netherlands 
Landleven  12,  9747  AD  Groningen 
The  Netherlands 

^Department  of  Applied  Physics  and  DIMES 
Delft  University  of  Technology 
Lorentzweg  1, 2628  CJ  Delft 
The  Netherlands 


Abstract 

In  this  paper  we  propose  to  use  a metal-superconductor  bilayer  as  an  RF  detecting 
element  for  a diffusion-cooled  hot  electron  bolometer  mixer.  The  motivation  is  to 
engineer  a superconducting  material  with  a low  transition  temperature,  Tc,  (below  Tc  of 
commonly  used  Nb)  and  higher  diffusion  constant.  With  this  it  is  expected  to  improve  the 
overall  HEB  mixer  performance,  i.e.  obtain  lower  noise  and  wider  intermediate  frequency 
bandwidth  as  well  as  reduce  a local  oscillator  power  requirement. 

We  report  our  initial  experimental  results.  A couple  of  Nb/Au  bilayer  films  with 
different  thickness  combinations  have  been  fabricated  on  either  glass  or  Si  substrates. 
The  measured  sheet  resistance  and  transition  temperature  of  the  bilayers  are  close  to 
those  desired  for  the  fabrication  of  HEB  mixers. 


1.  Introduction 

Development  of  HEB  mixers  for  space  applications  is  now  focused  on  both 
optimization  of  the  current  NbN  (phonon  cooled  HEB)  [1-6]  and  Nb  (diffusion-cooled 
HEB)  [7-10]  technology,  as  well  as  on  investigation  of  alternative  superconducting 
materials,  which  may  lead  to  an  overall  improvement  of  the  HEB  mixer  performance  [11- 
13].  The  three  basic  parameters  of  HEB  mixers  are  being  addressed:  sensitivity,  IF 
bandwidth  and  local  oscillator  power  requirement. 

As  it  was  shown  in  [11],  for  diffusion-cooled  HEB  (DHEB)  improvement  of  the 
mixer  performance  is  expected  by  implementation  of  a superconductor  with  lower  critical 
temperature.  First,  the  sensitivity  is  improved  since  the  intrinsic  mixer  noise  is 
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proportional  to  the  effective  electron  temperature,  which  is  about  the  Tc.  Secondly,  for 
DHEB  the  LO  power  requirement  has  quadratic  dependence  on  the  superconducting 
temperature  Tc.  Finally,  a larger  diffusivity  D can  be  expected  in  some  of 
superconductors  with  lower  Tc.  This  would  lead  to  a shorter  thermal  time  constant  since  it 
is  inversely  proportional  to  D and  thus  increase  the  intermediate  frequency  bandwidth  of 
the  mixer. 

Originally  considered  A1  has  been  shown  to  allow  for  very  small  LO  power 
requirement  of  the  HEB  [14].  However,  the  mixers  tested  in  a quasioptical  setup 
exhibited  very  low  gain  of  about  -30  dB.  This  was  explained  by  the  saturation  in  the  IF 
port  due  to  the  very  small  optimum  bias  range.  The  IF  bandwidth  was  not  improved  with 
A1  based  HEBs  compared  to  Nb  HEB  due  to  the  limitation  imposed  on  the  bolometer 
length  because  of  the  proximity  effect  of  the  normal  cooling  pads.  The  influence  of  the 
normal  cooling  pads  on  the  resistive  transition  of  A1  HEB  has  been  modeled  in  the  limit 
of  a very  short  superconducting  bridge  (order  of  coherence  length  £ or  less)  [15]. 

In  this  paper  we  propose  using  a superconductor-normal  metal  bilayer  as  a sensitive 
element  of  the  HEB  mixer.  We  show  that  it  is  possible  to  obtain  desired  parameters  such 
as  sheet  resistance  and  transition  temperature  if  we  choose  a bilayer  of  Nb  and  Au.  The 
diffusivity  is  expected  to  be  higher  than  that  of  the  single  layer  of  Nb  due  to  the  presence 
of  Au.  Ability  to  tune  the  individual  layer  thicknesses  to  meet  the  requirements  for 
particular  applications  is  considered  to  be  a significant  advantage  of  the  bilayer  based 
HEB  mixer. 

2.  Material  considerations  for  the  bilayer 

To  make  a decision  on  which  materials  to  use  for  the  bilayer,  the  following 
requirements  have  been  considered: 

a)  Tc  of  the  bilayer  should  in  principle  be  easily  tunable  in  a temperature  range 
between  1-5  K; 

b)  the  desired  Tc  of  the  bilayer  for  the  first  tests  is  around  3-4  K since  this 
temperature  is  compatible  with  4He  cryostats  facilitating  the  lab  tests.  The  LO 
power  requirement  of  the  DHEB  mixer  based  on  a superconductor  with  Tc  of 
3 K is  expected  to  be  ~ 20  nW.  Further  reduction  of  the  Tc  would  lower  this 
number  and  may  cause  saturation  of  the  mixer  by  the  300  K background  in 
the  conventional  lab  tests; 

c)  the  sheet  resistance  of  the  bilayer  film  should  not  be  too  small,  order  of 
10  Ohm/D  or  larger,  to  match  the  mixer  with  a planar  antenna; 

d)  It  is  preferable  to  have  a fabrication  process  being  compatible  with  the 
existing  clean-room  technology  and  experience; 

e)  the  larger  diffusivity  and  shorter  electron-electron  interaction  time  constant  of 
both  superconductor  and  normal  metal  are  desired.  The  large  diffusivity  will 
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provide  a wider  IF  bandwidth  of  the  mixer  for  a given  bolometer  length  and 
the  fast  electron-electron  interaction  favors  the  thermalization. 

Different  materials  have  been  considered  and  finally  the  combination  Nb/Au  was 
chosen.  We  expected  that  the  bilayer  with  film  thicknesses:  d„~5  nm,  ds~5  nm  may  meet 
the  requirements  mentioned  above.  The  main  parameters  of  the  Nb  and  Au  we  used  are 
listed  in  the  Table  1 . 

Table  1.  Material  parameters:  vf  is  the  Fermi  velocity,  p is  the  resistivity,  £ is  the 
coherence  length,  and  1 is  the  electron  mean  free  path. 


Material 

jjjjjj^SBBSI 

£,nm 

1,  nm 

Au 

1.4 

8-10 

50 

5 

Nb 

0.27 

3 

Here  we  estimate  Tc  and  the  sheet  resistance  of  such  a Nb(5  nm)/Au(5  nm)  bilayer. 
The  Tc  of  a bilayer  can  be  predicted  using  a Golubov  model  [16]  if  the  Tc  of  the 
superconducting  layer  is  known.  It  is  however  known  from  experience  that  a layer  of  5 
nm  thick  Nb  can  have  a varying  Tc,  depending  strongly  on  the  sputtering  condition.  At 
the  same  time  it  is  also  not  possible  to  determine  Tc  experimentally  due  to  fast  film 
oxidation  (which  proximitizes  the  superconductor  as  well).  For  our  estimates  we  use  Tc 
of  5 nm  Nb  being  about  5-7  K.  The  model  [16]  is  valid  for  arbitrary  film  thicknesses  and 
interface  transparencies.  Initially  the  interface  resistance  was  estimated  as  being  simply  a 
mismatch  between  the  Fermi  velocities  Vf  of  the  normal  (N)  and  superconducting  (S) 
layers.  A calculation  shows  that  the  Tc  of  such  a Au/Nb  bilayer  will  be  about  60  % of 
the  Tc  of  the  Nb,  in  the  range  3-4  K. 

To  estimate  the  sheet  resistance  we  have  considered  the  N and  S layers  as  two 
resistors  connected  in  parallel: 


’ KP.  Ps) 

One  should  note,  however,  that  the  resistivity  of  very  thin  films  is  not  equal  to  the 
bulk  resistivity,  but  includes  a “size”  contribution  due  to  die  scattering  of  the  electrons  at 
the  film  surfaces.  This  causes  the  electron  mean  free  path  to  be  limited  by  the  film 
thickness. 

For  a rough  estimate  of  the  Nb  resistivity  we  took  the  measured  value  of 
15  jiOhm  cm  for  the  lOnm  Nb  film,  and  estimated  it  to  increase  to  about  20-25  pOhm  for 
the  5 nm  film.  To  our  knowledge  there  is  no  experimental  data  on  so  thin  Au  films 
resistivity.  The  estimate  in  the  Drude  model  gives  a value  of  2 pOhm  cm  with  the  mean 
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free  path  40  nm.  The  thickness  of  our  Au  is  smaller  than  that  value  so  the  “size” 
contribution  to  the  resistivity  may  be  large.  Moreover,  Au  may  not  grow  very  uniformly 
likely  having  “island”  structure  in  such  thin  films,  so  that  the  resistivity  may  increase  due 
to  this  effect  even  further.  For  a crude  estimate  we  took  the  resistivity  of  Au  to  be  of  the 
order  of  8-10  pOhm  cm  for  thickness  5 nm.  With  these  numbers  on  resistivity  of  Nb  and 
Au  we  expect  a sheet  resistance  of  the  bilayer  to  be  about  10-15  Ohm/a 

3.  Films  fabrication  and  dc  characterization 

Based  on  these  considerations,  the  test  samples  on  glass  substrate  with  different  film 
thickness  combinations  have  been  produced:  “6/6”,  “5/5”,  “5/4”.  The  first  number 
corresponds  to  the  thickness  of  Nb,  the  second  one  to  the  thickness  of  Au  in  nm;  for 
instance  “6/6”  means  a bilayer  made  from  6 nm  Nb  and  6 nm  Au.  The  layers  were 
sputtered  in  situ  to  avoid  oxidation  of  Nb.  The  samples  were  cut  into  4 mm  long  and 
2 mm  wide  pieces.  Critical  temperature  of  the  bilayers  was  measured  by  a four-probe 
method.  The  temperature  is  controlled  by  an  electrical  heater  and  measured  by  a 
calibrated  germanium  resistor  with  an  accuracy  of  10  mK. 

The  results  of  the  critical  temperature  measurements  are  presented  in  Figure  1 . The 
critical  temperatures  of  the  samples  made  in  different  runs  are  consistent,  correlating  with 
the  thickness  combinations  and  lie  within  3. 5-4.2  K,  close  to  the  designed  values  and 
have  a very  sharp  transition  of  about  50  mK.  The  sheet  resistance  of  the  films  of  about 
15  Ohm/n  is  also  in  a good  agreement  with  the  predictions  and  large  enough  to  match  the 
bolometer  to  the  receiver  antenna. 


Table  2.  dc  parameters  of  the  non-pattemed  Nb/Au  bilayer  films  on  glass  substrate. 


Nb  / Au  thicknesses,  nm 

Tc 

Sheet  resistance  at  300  K,  Ohm 

Sheet  resistance  at  10  K,  Ohm 

6/6 

4.25 

18 

13 

5/5 

3.5 

20 

16 

5/4 

3.7 

21 

16 

As  it  was  mentioned  in  the  introduction,  one  of  the  very  important  material 
parameter  to  be  considered  for  the  DHEB  mixer  fabrication  is  the  diffusion  constant  D, 
since  it  plays  a crucial  role  in  determining  an  intermediate  frequency  bandwidth  of  the 
device.  In  case  of  bilayer  we  expect  the  diffusivity  to  be  largely  influenced  (however  not 
necessarily  determined)  by  the  diffusivity  of  the  cleaner  material,  which  is  Au.  If  we  use 
the  Drude  model  to  predict  diffusion  constant  of  Au,  we  get  a number  of  40  cm2/s. 
However,  it  is  necessary  to  verify  the  diffusivity  of  a bilayer  experimentally. 

In  case  of  a single  superconductor  the  diffusion  constant  can  be  estimated  from  the 
residual  resistivity  and  the  density  of  states  at  the  Fermi  level.  There  is  also  a 
straightforward  experimental  way  to  determine  this  parameter,  namely  by  measuring  a 
temperature  dependence  of  the  perpendicular  critical  magnetic  field  H^.  However,  in  the 
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case  of  thin  films  bilayer  the  situation  is  more  complicated  and  the  above  mentioned 
method  are  not  applicable  a priory.  We  used  the  formalism  of  Fominov  and  Feigel’man 
[18]  to  model  the  system  but  came  to  the  conclusion  that  in  our  particular  case  magnetic 
field  measurements  can  not  be  used  directly  for  the  predictions  of  the  diffusion  constant 
of  the  bilayer  system  [19].  Instead,  the  microwave  measurements  of  the  impedance  or 
direct  measurements  of  the  HEB  IF  bandwidth  have  to  be  performed. 

4.  HEB  mixer  fabrication  and  dc  test  results 

Figure  2 shows  an  SEM  micrograph  of  a Nb/Au  bilayer  HEB  mixer  using  a spiral 
antenna.  In  this  device  the  Nb/Au  bridge  with  a length  of  250  ran  and  a width  of  190  ran 
is  in  the  middle,  between  the  antenna  arms.  Pads  directly  contacting  to  the  bridge  are 
thick  Au,  functioning  as  cooling  pads  for  hot  electrons.  The  structures  above  the  cooling 
pads  are  the  thick  Nb  layer  as  a part  of  spiral  antenna.  Due  to  misalignment  in  the 
lithographical  process,  the  thick  Nb  structure  locates  not  symmetrically  with  respect  to 
the  cooling  pads. 

The  fabrication  process  of  the  bilayer  mixers  is  as  following.  The  substrate  is  a 
highly  resistive  Si  (111)  wafer.  The  Nb/Au  bilayer  is  sputtered  on  the  whole  wafer.  Au 
cooling  pads  (80  nm)  are  formed  by  evaporation  in  combination  with  e-beam  lithography 
and  lift-off.  Then,  the  antenna  structure  is  realized  by  sputtering  thick  Nb  (80  nm) 
followed  by  a layer  of  Au  and  by  lift-off.  The  last  step  is  to  etch  the  Nb/Au  bilayer  to 
form  a superconducting  bridge.  The  etch  mask  used  is  a thin,  narrow  strip  of  Al. 

The  resistance  of  this  device  is  measured  as  a function  of  temperature,  shown  in 
Figure  3.  The  observed  R-T  characteristic  resembles  very  much  those  obtained  in  Nb 
HEB  mixers  [20],  characterized  by  two  Tc’s,  one  corresponding  to  the  Tc  of  the  bridge 
(~3.5  K)  and  the  other  to  the  bilayer  under  the  cooling  pads  (~2  K).  The  normal  state 
resistance  is  13  D.  The  current-voltage  characteristic  is  measured  at  1.4  K,  which  is  also 
included  in  Figure  3.  We  observe  a critical  current  of  100  jxA  and  also  hysteresis  in  the 
IV  curve.  However,  the  hysteretic  effect  is  so  small  that  it  is  hard  to  be  seen  in  the  plotted 
IV  curve.  Although  no  detailed  analysis  for  the  R-T  and  I-V  data  is  done,  they  can  be 
further  evaluated  at  high  frequency,  judging  from  the  understanding  of  Nb  HEB  mixers. 


5.  Summary 

We  present  a new  approach  for  diffusion-cooled  HEB  mixers  by  using  Nb/Au 
bilayer  as  a superconducting  bridge  instead  of  Nb  or  Al.  We  have  fabricated  Nb/Au 
bilayer  films  with  different  thickness  combinations  on  glass  substrate.  The  dc  parameters 
of  the  films  are  close  to  the  designed  values.  HEB  mixers  based  on  5 nm  Nb  + 5 nm  Au 
bilayer  films  on  Si  substrate  have  been  fabricated  and  the  first  dc  results  are  obtained. 
The  next  step  is  rf  characterization  of  the  mixer. 
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Figure  1.  Critical  temperatures  of  Nb/Au  bilayer  films  with  different  thicknesses 
combinations.  The  films  are  fabricated  on  a glass  substrate  and  are  non-pattemed. 
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Figure  2.  SEM  micrograph  of  a part  of  Nb/Au  bilayer  HEB  mixer  using  spiral  antenna, 
fabricated  on  Si  substrate.  In  the  center  is  the  Nb/Au  bridge.  Two  sides  of  the  bridge  are 
contacted  to  thick  Au  cooling  pads.  Above  the  cooling  pads  is  the  antenna  structure  with 
thick  Nb(80  nm)/Au  layer.  The  bar  in  the  photo  is  2 pm. 
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T (K) 


Figure  3.  The  resistance  of  the  Nb/Au  HEB  mixer  (shown  in  Fig.  2)  as  a function  of 
temperature.  The  current-voltage  characteristic  at  ambient  temperature  1 .4  K is  shown  in 
the  inset. 
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Abstract 

The  RF  current  distribution  in  the  bolometer  bridge  is  investigated  by  solving  the 
Maxwell’s  field  equations  analytically  and  by  using  commercial  packages  QuickWave- 
3D®  (Finite-Difference  Time-Domain,  FDTD  Method)  and  Sonnet ® (Method  of 
Moments).  The  outcomes  of  analytical  calculations  and  QuickWave-3D®  indicate  non- 
uniform  RF  current  distribution  where  Sonnet ® results  show  completely  uniform  current 
at  2 THz.  This  controversial  result  is  subject  to  discussion.  By  accepting  the  non-uniform 
scenario  one  can  explain  the  dependence  of  the  conversion  loss  on  LO  frequency.  A 2- 
dimensional  device  model  is  presented  which  is  based  on  non-uniform  LO  power 
absorption. 
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I.  Introduction 

In  earlier  one-dimensional  models  [1]  RF  heating  is  assumed  to  be  uniform  all  over  the 
bolometer  bridge.  The  predicted  conversion  loss  by  such  a model  was  far  too  high 
compared  to  measured  data.  Therefore  a tuning  factor  was  needed  to  fit  the  predicted 
conversion  loss,  receiver  noise  and  output  noise  to  the  measured  data.  Recent  work  by 
Semenov  et  al.  [2]  has  suggested  a non-uniform  heating  across  the  bolometer  bridge  due 
to  RF  skin  effect. 

Since  this  effect  is  supposed  to  have  a large  impact  on  the  bolometer  performance  the  RF 
current  distribution  in  the  bolometer  bridge  is  investigated  in  more  detail. 

In  section  II  the  RF  current  distribution  in  an  infinite  long  NbN  strip  is  calculated 
analytically.  Section  in  presents  the  simulation  results  of  various  structures  done  by  a 
FDTD  package  ( QuickWave-3D ® [3]).  In  section  IV  the  effect  of  non-uniform  RF  current 
distribution  on  bolometer  performance  is  discussed.  Section  V presents  the  outcome  of  a 
moment  method  approach  ( Sonnet ® [4]).  Finally  the  discussion  and  conclusion  come  in 
section  VI. 


II.  RF  current  distribution  in  an  infinite  long  resistive  strip 

In  this  section  we  derive  an  analytical  expression  for  current  distribution  in  an  infinite 
long  conductor  strip.  Figure  1 shows  a schematic  top  view  of  a long  strip. 


Figure  1.  Top  view  of  a long  strip  with  length  L and  width  a where  L»a 


Here  it  is  assumed  that  the  strip  is  resistive  and  electrically  very  thin.  This  is  the  case  in 
NbN  bolometer  bridge  which  is  5 nm  thick  with  conductivity  about  3.5x1  O'6  Hm 


150 


12"'  International  Symposium  on  Space  Terahertz  Technology 


The  wave  equation  in  a medium  with  finite  conductivity  is: 

- V2  J?  = - jQ)n{(7  + jcoe)E . 

In  our  case  <J  »£(0.  For  NbN  c is  about  3x1 05  S/m  where  eto  is  about  100  S/m  at  2 
THz.  So  the  second  term  on  the  right  hand  side  of  the  above  equation  is  negligible  and 
the  equation  is  reduced  to: 

V2Jf  = joifiolt  =>  V2i?  = k2E 


where:  k2  = jcofia . 

The  electric  field  in  the  strip  can  be  written  as:  E = Ex(x).fc  + Ey(x)$ . Since  we  assume 

that  the  strip  is  infinitely  long,  the  field  does  not  depend  on  y along  the  strip.  Under  this 
assumption  we  get: 


dx 


dx 


which  implies: 


2 d% 
k2Ex  and 

x dx2 


k2E 


y * 


Assuming  that  the  potential  is  constant  across  the  strip,  requires  Ex  = 0 . So  one  is  left 
with: 


Solving  for  Ey  gives:  Ey(x)  = C,efa  + C2e_fa: . 

Because  of  the  symmetry  we  have:  Ey  (-x)  = Ey  (+x) , so  Ey  (x)  = c(efa  + ) . 

If  70  is  the  total  current  and  t is  the  thickness  of  the  strip: 
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Figure  2 shows  the  normalized  amplitude  of  j(x)  inside  the  NbN  strip  at  0.6,  1.6  and  2 
THz  for  2 micron  wide  strip. 


xrm 

Figure  2.  The  current  distribution  along  2 micron  wide  NbN  strip  at  0.6  THz  (dashed  line),  1.6  THz 
(dotted  line)  and  2 THz  (solid  line). 

Although  the  expression  derived  here  for  the  current  distribution  is  different  from  [2]  the 
plotted  curves  coincide  very  well. 

The  above  derivation  is  based  on  the  assumption  of  an  infinitely  long  strip  to  simplify  the 
problem  and  make  it  possible  to  solve  analytically.  In  reality  the  bolometer  bridge  is  very 
short  (0.2  micron),  limited  by  two  thick  (80  nm)  golden  antenna  pads.  Since  the  current 
distribution  in  the  thick  golden  antenna  arms  are  presumably  very  different  from  what 
calculated  above  for  NbN  strip,  one  can  speculate  that  the  current  distribution  in  the  short 
bolometer  bridge  is  affected  by  the  antenna  pads.  Also  the  influence  of  the  substrate  is 
completely  ignored  in  above  calculation. 

In  order  to  reveal  the  current  distribution  in  the  whole  bolometer  structure  an 
electromagnetic  simulator  ( QuickWave-3D ®)  was  used. 


152 


12th  International  Symposium  on  Space  Terahertz  Technology 


III.  QuickWave-3D®  simulated  results 

The  first  simulated  structure  was  a simple  10  pm  long,  2 pm  wide  and  5 nm  thick  NbN 
strip  on  a substrate  with  er  = 2.2.  Figure  3 shows  the  structure  and  the  current  density 
across  the  strip. 


6 ‘ +f 

strip  width  (20n) 


(b) 

Figure  3.  (a)  NbN  thin  microstrip  structure  and  (b)  the  current  distribution  inside  NbN  at  2 THz. 

Quick  Wave- 3D®  gives  the  electromagnetic  fields  solution  using  Finite-Differences  in 
Time-Domain  (FDTD).  Since  the  current  density  along  the  strip  is  proportional  to  the  E 
field  in  that  direction  one  can  estimate  the  current  density  using  QuickWave-3D®. 

Secondly  the  bolometer  structure  is  simulated.  The  bolometer  bridge  is  0.2  pm  long,  2 
pm  wide  and  5 nm  thick  NbN  strip.  The  gold  pads  are  80  nm  thick.  Figure  4 shows  the 
schematic  picture  of  the  structure  and  the  current  density  distribution  inside  the  NbN  strip 
under  the  gold  pads  and  the  gap. 


4.9/jn  0.2pm  4.9um 


1 0,ttm 
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Figure  4.  (a)  Simulated  bolometer  structure  and  (b)  the  current  distribution  in  NbN  layer 

The  current  density  in  NbN  strip  under  the  gold  pads  is  almost  zero.  This  means  that 
almost  all  the  RF  current  flows  in  the  gold  as  expected.  Figure  5 summarizes  the 
simulated  and  analytical  results.  In  QuickWave  there  is  an  option  that  applies  edge 
singularity  correction.  When  long  strip  was  simulated  with  edge  singularity  option  on,  the 
current  distribution  was  slightly  different  as  plotted  in  figure  5. 


Curran!  Den* My  Pnrtta  In  hfcN  at  2TNZ 


Figure  5.  Simulated  and  analytically  calculated  results  of  RF  current  distribution  in  half  of  the  2 
micron  wide  NbN  strip.  0 is  in  the  middle  of  strip  and  1 is  at  the  edge. 

The  RF  current  distribution  in  the  NbN  bolometer  structure  shows  a strong  non- 
uniformity, even  more  than  for  the  long  NbN  strip.  This  is  an  indication  that  the  current 
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distribution  in  the  NbN  bridge  is  clearly  affected  by  the  current  distribution  in  the  gold 
contacts. 

IV.  2D  bolometer  model 

In  order  to  estimate  the  effect  of  non-uniform  absorbed  LO  power  across  the  bolometer 
bridge  on  the  conversion  loss  of  the  device,  the  bolometer  is  divided  into  several  parallel 
strips.  If  the  number  of  these  parallel  strips  is  large  enough  the  RF  current  distribution  on 
each  of  these  strips  is  approximately  uniform.  So  they  can  be  modeled  by  a one- 
dimensional hot  spot  model  [1],  All  these  parallel  strips  share  the  same  voltage  but  they 
have  different  resistance  and  different  DC  current  because  the  absorbed  LO  power  in 
each  strip  is  different.  It  is  also  assumed  that  the  there  is  no  lateral  current  in  the  bridge. 

In  order  to  estimate  the  conversion  loss  of  such  system  one  should  first  calculate  the 
current  and  resistance  of  the  device  at  certain  bias  voltage  and  absorbed  LO  power  using 
the  large  signal  model  [1].  The  absorbed  LO  power  in  each  of  the  parallel  strips  depends 
on  the  LO  frequency  and  the  width  of  the  bolometer.  Knowing  the  absorbed  LO  power 
one  can  solve  for  the  DC  currents  in  each  strip.  The  requirement  is  that  the  absorbed  DC 
power  together  with  the  absorbed  LO  power  in  each  strip  should  cause  a resistance, 
which  holds  the  relations: 

/?,/,  = V for  all  i. 

Figure  6 shows  the  schematic  picture  of  a bolometer  divided  in  to  several  parallel  strips. 


Figure  6.  Schematic  top  view  of  a bolometer  divided  into  several  parallel  strips. 
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The  resistances  of  the  middle  strips  are  lower  than  of  the  edge  strips.  Therefore  the  DC 
current  flows  more  in  the  middle.  Consequently  the  size  of  the  hotspot  on  the  edges  is 
larger  than  in  the  middle. 

Figure  7 shows  an  estimated  two-dimensional  electron  temperature  profile  of  a bolometer 
around  optimum  operating  point. 


Bolometer  Width 


Figure  7. 2D-electron  temperature  profile  of  a bolometer.  The  light  color  stands  for  high  temperature 

Literally  we  can  say  that  this  is  as  if  we  have  similar  bolometers  that  are  biased  with  the 
same  bias  voltage  but  different  absorbed  LO  power. 

By  solving  the  small  signal  current  in  each  of  the  strips  using  the  hotspot  model  [1]  one 
can  estimate  the  conversion  loss  of  the  bolometer.  Our  calculation  shows  that  due  to  the 
non-uniform  RF  current  distribution  at  2 THz  the  conversion  loss  can  be  up  to  6 dB 
higher  that  what  we  calculate  at  0.6  THz. 


V.  Sonnef  simulated  results 

The  RF  current  distribution  was  also  simulated  by  Sonnet ®,  which  is  based  on  moment 
method.  On  the  contrary  to  QuickWave3-D® , it  shows  uniform  current  distribution  in  the 
bolometer  bridge.  Figure  8 shows  the  simulated  result  at  2 THz  for  a 0.2  |im  long,  2 |im 
wide  and  5 nm  thick  NbN  bolometer. 


156 


12'h  International  Symposium  on  Space  Terahertz  Technology 


The  same  uniformity  was  observed  when  simulating  a long  thin  NbN  strip.  Non-uniform 
current  was  only  in  thick  NbN  strips  (100  nm).  Sonnet®  does  not  show  any  edge 
singularity  at  frequencies  lower  the  frequency  where  the  resistance  per  unit  length  equals 
the  inductive  reactance  per  unit  length  [5].  In  thin  NbN  strip  where  resistance  is  high  this 
frequency  is  much  higher  than  2 THz  and  the  edge  singularity  does  not  appear. 


AiviiK^Mrter 


7141 


Figure  8.  RF  current  distribution  simulated  by  Sonnet ®. 


VI.  Discussion  and  conclusion 

Non-uniformity  in  RF  current  distribution  has  a large  impact  on  the  performance  of  the 
bolometer.  Our  QuickWave  simulated  results  are  in  agreement  with  analytical 
calculations  indicating  a strong  non-uniform  LO  power  absorption  across  the  bolometer 
bridge  at  2 THz.  However  Sonnet  simulated  results  do  not  agree  with  that.  Since 
QuickWave  is  based  on  FDTD  3-dimensional  electromagnetic  simulation  and  confirms 
the  analytically  calculated  results  the  authors  tend  to  believe  in  non-uniformity  of  RF 
current  in  the  bolometer.  Accordingly  less  degradation  is  expected  for  a device  with 
smaller  width  when  operating  at  higher  frequencies,  which  is  a subject  of  further 
investigation. 

Novel  designs  such  as  thin  parallel  bolometer  strips  with  different  antenna  pads 
configuration  have  to  be  investigated  to  achieve  more  uniform  RF  current  distribution 
and  eventually  decrease  the  intrinsic  conversion  loss. 

Rejecting  the  non-uniform  current  distribution,  other  reasons  for  observed  increase  of 
conversion  loss  by  increasing  the  RF  frequency  must  be  found. 
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Introduction 

NbN  phonon-cooled  hot-electron  bolometer  (HEB)  mixer  devices  have  turned 
out  to  be  very  useful  for  space  terahertz  applications.  High  intermediate 
frequencies  in  the  range  of  several  GHz  are  demanded  for  those  applications. 
The  intermediate  frequency  bandwidth  of  phonon-cooled  HEBs  can  be 
increased  by  reduced  film  thickness  [1]. 

Thin  NbN  films  of  about  3 nm  produced  on  fused  quartz  substrates  are 
not  superconducting  at  liquid  helium  temperature  [2].  To  improve  the  film 
properties,  one  can  use  crystalline  substrates  as  MgO,  silicon  or  sapphire  but 
those  high-e  materials  pose  particular  problems  in  terms  of  electromagnetic 
impedance  matching  and  are  fairly  expensive. 

We  present  an  investigation  on  NbN  thin  films  deposited  on  MgO  seed 
layers  on  2";  fused  and  crystal  quartz  substrates.  This  MgO  layer  improved 
significantly  the  superconducting  properties  of  our  NbN  films,  sputtered  at 
ambient  temperature.  Atomic  force  microscopy  and  x-ray  diffraction  were  used 
to  examine  the  surface  properties  and  crystallinity  of  our  thin  films. 

We  present  preliminary  results  using  small  angle  x-ray  reflectometry  to 
determine  the  thickness  of  our  sputtered  NbN/MgO  bilayers.  The  results  are 
compared  to  ellipsometry  and  anodization  measurements. 

Phonon-cooled  NbN/MgO  HEBs  have  been  produced  with  a new 
process,  using  a negative  resist  for  the  definition  of  the  width  of  the 
microbridge  by  electron  beam  lithography. 

First  results,  obtained  at  a frequency  of  800  GHz  showed  an  IF-gain 
bandwidth  of  1 .8  GHz  and  a receiver  noise  temperature  of  670  K (corrected  for 
beam  splitter  loss). 
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I.  Crystalline  Properties  of  the  Bilayer 

The  influence  of  an  MgO  seed  layer  on  fused  quartz  and  crystal  quartz  on  the 
crystalline  properties  of  the  NbN  thin  films  has  been  investigated  by  x-ray 
diffraction  measurements. 


NbN  on  MgO  seed  layer  on  fused  quartz  substrate 


20 


Fig.  1.1. : 6/20  scan  of  an  NbN/MgO  bilayer  on  a fused  quartz  substrate 


NbN  on  MgO  buffer  on  crystal  quartz  substrate 
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Fig.  1.2.:  6/20  scan  of  an  NbN/MgO  bilayer  on  a crystal  quartz  substrate. 
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The  pictures  show  x-ray  diffraction  data  (Co  Ka  1.789  A)  of  an  approximately 
5 nm  thick  NbN  film  on  a 45  nm  MgO  seed  layer  on  a fused  (fig.  1.1)  and 
crystal  quartz  substrate  (fig.  1.2).  On  the  fused  quartz  substrate  the  films  are 
growing  amorphously.  The  crystalline  substrate  allows  the  MgO  and  the  NbN 
layer  to  grow  mainly  in  (002)  orientation.  From  the  full  width  half  maximum 
value  of  the  (002)  peak  of  NbN  (fig.  1.2)  we  can  estimate  a NbN  grain  size  of 
5 nm. 


omega  scan  of  the  (002)  NbN  and  MgO  peak 


If  one  fixes  the  0/29  geometry  for  a given  peak  and  turns  the  sample 
around  the  angle  g>  (=  0),  one  obtains  a so  called  omega  scan.  The  omega  scan 
is  a measure  of  the  desorientation  of  the  crystallites  in  the  deposited  layers. 
Figure  1.3  shows  a scan,  carried  out  on  the  NbN  and  MgO  (002)  peaks  which 
confirms  that  the  NbN  growth  is  following  the  MgO  seed  layer. 


161 


12th  International  Symposium  on  Space  Terahertz  Technology 


x-ray  reflectometry,  NbN/MgO  bilayer  on  crystalline  quartz  substrate 


Fig.1.4.:  Kiessig fringes  of  the  NbN/MgO  bilayer  on  a crystal  quartz  substrate. 

As  the  equipment  at  DRFMC  (Department  of  fundamental  research  on 
condensed  matter)  allowed  also  small  angle  measurements,  we  observed  the 
Kiessig  fringes  of  an  NbN/MgO  bilayer  on  crystal  quartz  (fig.1.4).  The  small 
oscillations  correspond  to  the  thicker  MgO  film  and  give  a thickness  of  about 
46  nm.  The  large  oscillation  is  due  to  the  ultrathin  NbN  layer  and  results  in  a 
thickness  of  4 nm  ±1.  Surface,  interface  and  substrate  roughnesses  determined 
from  the  x-ray  small  angle  measurements  could  be  estimated  as  0.5  nm.  This  is 
about  twice  Jhe  RMS  values  obtained  by  AFM  measurements  carried  out 
individually  oh  a crystal  quartz  substrate,  an  MgO  layer  on  crystal  quartz  and 
an  NbN/MgO  bilayer  on  crystal  quartz. 


n.  Thickness  Control  by  Ellipsometry  and  Anodization 

The  MgO  layer  thickness  obtained  by  the  reflectivity  measurement  was 
verified  by  ellipsometry  of  a film  sputtered  on  a 2"  Si  wafer  with  the  same 
deposition  parameters.  We  obtained  an  average  seed  layer  thickness  of  42  nm 
in  good  agreement  with  the  x-ray  results  (fig.2.1). 
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Hiniaua  36  84  Aver  ago  41.61 

1 

1 

Fig.  2.1.:  MgO  film  thickness  control  by  ellipsometry.  Mapping  of  the  hole  2" 
Si  wafer. 


The  thickness  of  our  NbN  layers  is  always  measured  directly  after 
deposition  by  anodization  [4],  The  graph  in  figure  2.2  shows  an  anodization 
curve  of  a 5 nm  ±1  NbN  film.  The  thickness  of  the  superconducting  layer 
determines  the  resistivity  of  the  film  in  the  normal  conducting  state  and  so  the 
length  and  the  width  of  the  final  NbN  microbridge  of  a HEB. 
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Fig.  2. 2:  NbN  film  thickness  control  by  anodization . The  plot  shows  the  curve 
of  a -5  nm  NbN  thin  film. 
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III.  Superconducting  Properties  ofNbN/MgO  bilayers 

To  examine  the  superconducting  properties  of  our  NbN  thin  films,  samples 
have  been  fabricated  on  quartz  substrates.  We  determined  the  electrical  proper- 
ties by  four  point  measurements  on  1 mm  x 10  mm  samples  which  were 
carried  out  in  a dip-stick  setup.  The  film  thicknesses  were  controlled  by 
anodization.  Film  resistivity,  the  critical  temperature  Tc  and  their  dependence 
on  film  thickness  were  investigated. 

The  MgO  seed  layer  is  substantially  increasing  the  quality  of  our  thin 
NbN  films  [3].  The  resistivity  (shown  in  figure  3.1)  is  much  lower  as 
compared  to  NbN  films  on  fused  quartz  and  shows  only  a weak  dependence  on 
the  film  thickness.  This  allows  easier  impedance  matching  of  the  HEB  to  the 
planar  antenna. 


resistivity  of  NbN  thin  films  on  different  substrates 
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Fig.3.1.:  Resistivity  vs.  NbN  film  thickness  ofNbN/MgO  bilayers  compared  to 
NbN  on  fused  quartz  substrates. 

We  observed  a strong  increase  of  the  critical  temperature  Tc  as 
compared  to  NbN  on  fused  quartz  substrates  (figure  3.2).  The  increased  Tc 
allows  working  with  thinner  NbN  films,  which  should  result  in  a larger  IF-gain 
bandwidth. 
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critical  temperature  Tc  of  NbN  on  different  substrates 
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Fig.  3. 2.:  Critical  temperature  vs.  film  thickness  of  NbN/MgO  bilayers 
compared  to  NbN  on  Jused  quartz  substrates. 

The  thickness  of  the  MgO  seed  layer  was  42  nm  for  the  tested  films, 
except  for  the  two  encircled  points  shown  in  fig.3.2.  The  latter  were 
measurements  on  NbN  films  using  a 15  nm  thick  MgO  seed  layer,  showing 
that  this  thickness  already  provides  a better  film  quality  of  NbN  [5].  The 
spread  in  the  data  is  mostly  due  to  the  uncertainty  of  the  NbN  layer  thickness 

[4]. 

IV.  Device  Fabrication 

In  order  to  investigate  the  influence  of  an  MgO  seed  layer  on  the  properties  of 
a phonon-cooled  NbN  HEB  we  first  produced  devices  on  fused  quartz 
substrates.  The  HEBs  have  been  produced  with  a new  process,  using  a 
negative  resist  for  the  definition  of  the  width  of  the  microbridge  by  electron 
beam  lithography. 

After  an  overall  deposition  of  a 42  nm  MgO  seed  layer,  the  NbN  film  is 
deposited  in  situ.  Antenna  and  filter  structures  are  defined  by 
photolithography.  To  define  the  lateral  dimensions  of  the  microbridge  we  use 
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Ebeam  lithography.  In  a first  step  we  fix  the  microbridge  length  by  defining 
the  Au  contact  pads  by  a single  PMMA  layer  lift-off  process. 

In  a second  Ebeam  step  we  generate  a thin  resist  line  using  a negative 
Ebeam  resist  (Microsresist  ma-N  2405)  [6,7].  This  resist  line  is  used  as  an  etch 
mask.  We  remove  the  surrounding  NbN  by  reactive  ion  etching  (CF4, 02).  The 
resist  etch  mask  is  removed  in  aceton.  Finally  the  substrate  is  diced  and  the 
individual  devices  are  characterized  by  dc-measurements. 


V.  Characterization  of  an  NbN/MgO  HEB 
on  a fused  Quartz  Substrate 

We  determined  the  noise  temperature  of  our  NbN/MgO  HEB  by  a Y-factor 
measurement.  The  improved  film  quality  (as  compared  to  NbN  on  fused  quartz 
[2])  increased  the  critical  current  of  our  standard  5 nm  NbN  thin  film  and 
made  higher  pumping  power  necessary.  With  a beam  splitter  of  60% 
transmission  at  300  K the  best  receiver  noise  temperatures  were  of  the  order  of 
670  K (corrected  for  beamsplitter  loss)  at  798  GHz  and  1 GHz  IF. 

The  EF-gain  bandwidth  was  measured  in  a heterodyne  mixing 
experiment  with  two  local  oscillators  (LO),  using  LOl  to  pump  the  device  and 
L02  as  a signal.  The  variation  of  the  IF  was  obtained  by  changing  the 
frequency  of  L02  and  observing  the  output  signal  with  a frequency  analyzer. 
The  NbN/MgO  HEB  showed  a -3  dB  IF-gain  bandwidth  of  1.8  GHz,  as  shown 
in  figure  5.1. 


direct  injection  measurement 


frequency  [GHz] 


Fig.  5.1.:  Pumped  I(V)-curve  and  conversion  curves  of  an  NbN/MgO  HEB;  IF 
bandwidth  determined  by  double  local  oscillator  injection. 
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VI.  Conclusion  and  Outlook 

An  MgO  seed  layer  on  fused  quartz,  or  crystal  quartz  substrates,  provides  a 
better  crystal  growth  of  our  NbN  thin  films,  resulting  in  lower  normal  state 
resistivity  and  higher  critical  temperature. 

High  frequency  measurements  on  phonon  cooled  NbN  HEBs  fabricated 
on  fused  quartz  substrates  using  an  MgO  seed  layer  showed  a better  noise 
temperature  and  a higher  IF-gain  bandwidth  than  comparable  devices  on  fused 
quartz  [2]. 

We  are  currently  investigating  the  influence  of  the  MgO  seed  layer  on 
the  acoustic  matching  between  the  bolometer  and  the  substrate. 

NbN/MgO  HEBs  were  produced  on  crystal  quartz  substrates  showing 
critical  currents  of  about  150  pA  and  a Tc  of  10  K.  The  high  frequency 
properties  of  such  devices  are  currently  investigated. 
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ABSTRACT  - We  are  developing  a heterodyne  focal  plane  array  with  up  to  eight  ele- 
ments to  study  lines  of  the  interstellar  medium  and  planetary  atmospheres  with  frequencies 
of  2 THz  and  above.  Our  fabrication  process  utilizes  selective  ion  milling  techniques  to  pro- 
duce Nb  Diffusion-Cooled  Hot  Electron  Bolometeric  (DHEB)  mixers  from  a bi-layer  thin 
film  of  Au/Nb  deposited  on  a silicon  substrate.  A micro-bridge  of  10  nm  thick  Nb  forms  the 
HEB  device.  The  fust  generation  of  devices  with  lateral  dimensions  of  100  nm  by  80  nm 
were  fabricated  at  the  feed  of  a broadband  spiral  antenna  with  a frequency  response  de- 
signed for  up  to  16  THz.  Harmonic  multiplier  sources  becoming  available  within  the  next 
few  years  should  have  sufficient  power  to  provide  a local-oscillator  source  for  small-for- 
mat, quasi-optically  coupled  arrays  of  these  mixers.  First  generation  devices  measured  at 
our  laboratory  have  demonstrated  a critical  temperature  (Tc)  of  4.8  K with  a 0.5  K transition 
width.  These  DHEB  mixers  are  expected  to  have  an  optimum  operational  temperature  of 
1 . 8-2 . 0 K . The  current  four  element  array  mixer  block  will  ultimately  be  replaced  by  a dual 
polarization  slot-ring  array  configuration  with  up  to  eight  elements. 

* Publication  of  the  National  Institute  of  Standards  and  Technology,  not  subject  to  copyright. 


I.  INTRODUCTION 

Spectral  line  observations  have  played  a major  role  in  expanding  our  understanding  of 
the  interstellar  medium  and  planetary  atmospheres.  Improvements  in  receiver  design  have 
enabled  observations  at  ever  shorter  submillimeter  and  far-infrared  wavelengths.  Improved 
instrumentation  justifies  the  construction  of  specialized  ground-based  observatories  for 
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submillimeter  spectroscopy.  The  complexity  and  expense  of  the  latest  telescopes  for  both 
air  and  space  borne  platforms  designed  for  astronomical  observatories  (FIRST,  SOFIA, 
etc.),  as  well  as  space-based  remote  sensing  of  the  Earth’s  atmosphere  (EOS-MLS),  de- 
mand that  spectrometers  perform  close  to  the  theoretical  limits  which  imply  that  heterodyne 
receivers  need  to  have  sensitivities  close  to  the  quantum  noise  limit.  Heterodyne  spectros- 
copy is  capable  of  providing  the  required  sensitivity  and  spectral  resolution  over  the  entire 
far-infrared  spectral  region.  The  development  of  low-noise  receivers  in  the  THz  frequency 
region  is  primarily  motivated  by  the  need  for  low  noise  and  low  power  consumption  receiv- 
ers. Up  until  recently  GaAs  Schottky  Barrier  Diodes  (SBD)  were  used  almost  exclusively 
for  heterodyne  receivers  in  the  THz  region.  THz  SBD  mixer  technology  has  recently  made 
a transition  from  cumbersome  whiskered  diodes  in  comer-cube  mounts  to  planar  versions 
in  waveguide.  Fabrication  technology  and  material  parameters  limit  the  size  of  the  mono- 
lithic junction  and  therefore  limit  the  noise  temperature  performance.  Below  1 THz,  SIS 
(Superconductor/Insulator/Superconductor)  mixer  receivers  have  excellent  noise  tempera- 
ture (only  a few  times  the  quantum  noise  limit).  The  noise  performance  is  limited  to  fre- 
quencies below  or  about  equal  to  the  superconducting  bandgap  frequency. 

Hot  Electron  Bolometric  (HEB)  mixers,  which  use  nonlinear  heating  effects  in  super- 
conductors near  their  transition  temperature  [1],  have  become  an  excellent  alternative  for 
applications  requiring  low  noise  temperatures  at  frequencies  from  1 THz  up  to  the  near  IR. 
There  are  two  types  of  superconducting  HEB  devices,  the  Diffusion-Cooled  (DHEB)  ver- 
sion [2]  [3]  and  the  Phonon-Cooled  (PHEB)  version  [4],  The  two  versions  differ  mainly  by 
the  cooling  mechanism  of  the  hot  electrons.  The  devices  under  development  here  are 
DHEBs  with  a projected  Local  Oscillator  (LO)  power  requirement  of  less  than  100  nW  and 
bath  temperature  of  less  than  2 K.  The  only  practical  LO  source  presently  available  is  an 
FIR  gas  laser,  although  solid  state  LO  sources  with  sufficient  amount  of  power  are  under 
development  and  will  be  available  in  the  future.  The  present  state-of-the-art  of  different 
THz  receivers  is  compared  in  FIG.  1. 

The  Intermediate  Frequency  (IF)  bandwidth  for  the  conversion  gain  is  determined  by 
the  thermal  time-constant  (xm)  of  the  DHEB  device.  The  DHEB  dissipates  the  power  it  ab- 
sorbs by  diffusion  of  hot  electrons  through  the  contacts.  This  requirements  dictates  that  the 
dimension  of  the  device  be  very  small  in  order  to  maximize  the  IF  gain  bandwidth.  The  re- 
ceiver noise  temperature  bandwidth  (BWNT)  is  wider  than  the  conversion  gain  bandwidth 
(BWg).  The  fact  that  the  receiver  noise  temperature  bandwidth  is  two  to  three  times  wider 
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FIG.  1.  Noise  temperatures  vs.  frequency  for  receivers  in  the  terahertz  regime. 


than  the  conversion  gain  bandwidth  is  a well-known  feature  of  HEB  mixers.  For  these  de- 
vices, the  main  noise  process  in  the  device  (temperature  fluctuation  noise)  yields  a noise 
output  which  falls  at  the  same  rate  as  the  conversion  gain,  flattening  the  net  receiver  noise 
dependence  on  the  IF  frequency. 


II.  DEVICE  DESIGN  AND  FABRICATION 

A quasi-optical  coupling  design  was  chosen.  The  focal  plane  array  is  of  the  “fly-eye” 
configuration,  with  individual  substrate  lenses  for  each  pixel.  (Obviously,  this  configura- 
tion is  suitable  only  for  relatively  small  format  arrays.)  The  incoming  energy  couples  to  the 
device  through  an  elliptical  lens  4mm  in  diameter,  made  from  high-purity  silicon,  and  a spi- 
ral antenna  with  a maximum  frequency  response  of  1 6 THz  [5] . The  spiral  wrap  angle  is  20 
degrees,  with  a nominal  separation  of  the  feedpoints  of  1.2  pm.  The  spiral  design  is 
self-complementary,  implying  an  antenna  impedance  of  75  fl.  The  array  includes  two  an- 


170 


12,h  International  Symposium  on  Space  Terahertz  Technology 


tennas  with  2 1/4  turns  and  two  with  2 3/4  turns,  which  imply  lower  frequency  limits  of  520 
GHz  and  160  GHz,  respectively.  (These  approximate  frequency  limits  are  derived  from 
the  criterion  that  the  antenna  radius  be  equal  to  1/4  of  an  effective  wavelength.  The  radius 
of  the  inner  edge  of  the  antenna  is  used  for  the  lower  frequency  limit  and  the  outer  edge  for 
the  upper  frequency  limit,  with  an  additional  quarter-turn  left  for  engineering  margin.)  The 
IF  signal  is  coupled  out  of  the  bolometer  thru  a 50  Q coplanar  waveguide  (CPW),  the  cen- 
ter conductor  of  which  contacts  the  center  conductor  of  a microminiature  K-type  connector. 
The  CPW  groundplane  is  common  to  all  four  array  elements,  and  directly  contacts  the  body 
of  the  mixer  block  through  an  indium  foil  “gasket”.  The  four-element  array  configured 
with  lenses  and  spiral  antennas  is  shown  in  FIG.  2.  We  are  planning  to  implement  a dual 
polarization  design  with  eight  devices  in  the  future. 

A typical  device  fabrication  begins  with  the  deposition  of  a uniform  bilayer  metallic 
film  across  a 75  mm  silicon  wafer  which  has  been  wet  oxidized  to  a thickness  of  300  nm. 
The  bilayer  is  composed  of  a 12  nm  niobium  base  layer  capped  by  20  nm  of  gold.  The  films 
are  deposited  in-situ  using  DC  magnetron  sputtering.  The  HEBs  are  ultimately  formed  in 
the  base  Nb  layer  as  the  last  step  of  the  process.  The  gold  cap  layer  is  intended  to  protect  the 
Nb  during  initial  fabrication  steps  as  well  as  to  mitigate  contact  resistance  problems  be- 
tween the  device  and  overlying  metallic  layers.  Following  the  bilayer  deposition,  a 100  nm 
thick  gold  layer  is  deposited  through  a photoresist  liftoff  mask  patterned  using  conventional 


FIG.  2.  Array  configuration;  on  the  left,  a conceptual  rendering  showing  the  chip  with 
four  elements  and  substrate  lenses  nested  in  the  mixer  mount,  on  the  right,  a photograph 

of  the  assembly. 
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UV  lithography.  This  mask  defines  the  log  spiral  antennas,  ground  plane,  and  the  coplanar 
waveguide  (CPW)  feed  structure  to  the  four  array  elements.  The  gold  is  deposited  using 
thermal  evaporation  following  a 1 minute  Ar  rf  plasma  cleaning  step  to  treat  the  contact  re- 
gions. These  steps  take  us  through  step  (b)  in  the  accompanying  FIG.3. 

Since  optical  lithography  was  used  for  the  antenna  deposition,  the  lead  separation  at  the 
feed  of  the  antenna  remains  much  too  large  (~  2 pm)  for  useful  HEB  device  dimensions. 
Therefore,  a second  contact  metallization  step,  using  E-Beam  Lithography  (EBL),  to  de- 
fine the  length  scale  of  the  devices  was  performed.  Again  gold  lift-off  is  used  only  through 


Au28  nm 

a)  Nb  12  mil 


FIG.3.  Device  fabrication  schematic. 
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an  EBL  patterned  PMMA  mask  in  this  case.  50  nm  of  Au  are  deposited  with  an  electrode 
separation  of  between  80-100  nm  at  the  antenna  feed.  The  deposition  process  is  the  same  as 
for  the  antenna  layer. 

The  last  few  steps  of  the  process  have  produced  a structure,  depicted  in  FIG. 3(c), 
which  includes  a complete  antenna  structure  over  a blanket  Nb/Au  bilayer.  The  20  nm  Au 
bilayer  cap  is  then  removed  in  an  Ar  ion  mill  step  using  the  thick  gold  as  a sacrificial  mask. 
There  is  no  additional  patterning  associated  with  this  step.  30  nm  of  the  antenna  and  contact 
Au  are  sacrificed  to  clear  the  bilayer  surface  gold  from  the  underlying  Nb  in  the  open  field 
areas.  The  ion  mill  process  has  reasonable  selectivity  to  Au  as  compared  to  Nb  ( > 5: 1). 

At  this  point  the  device  has  a Nb  layer  underlying  the  entire  structure  as  evident  in  FIG. 
3(e).  This  Nb  must  be  cleared  everywhere  except  for  the  final  device  region.  This  is  ac- 
complished in  a two  step  Reactive  Ion  Etch  (RIE)  process.  The  first  step  uses  optical  lithog- 
raphy to  pattern  a mask  which  protects  a 6 pm  x 6 pm  square  region  centered  over  each  de- 
vice. The  chip  is  then  subjected  to  a SF6  RIE  process  to  clear  the  Nb  in  the  exposed  field  re- 
gions (FIG. 3(f)).  The  chip  is  then  patterned  one  last  time  using  EBL  to  leave  a narrow  strip 
of  PMMA  bridging  the  gap  between  the  Au  contacts  and  protecting  the  final  device  area. 
The  width  of  this  strip,  nominally  80-200  nm,  defines  the  final  width  of  the  HEB.  There  is  a 
10  pm  x 10  pm  window  around  this  strip  which  fully  encompasses  the  6 pm  x 6 pm  Nb 
patch  which  was  protected  during  the  first  RIE  step.  The  chip  then  undergoes  an  identical 
SF6  RIE  step  to  remove  the  last  of  the  Nb.  The  resulting  final  dimensions  of  a typical  HEB 
are  100  nm  length  x 100  nm  width  x 12  nm  thickness  (FIG. 3(g)). 

Following  device  fabrication  an  elliptical  Si  lens  is  affixed  to  the  backside  of  the  sub- 
strate. The  lens  is  positioned  within  a well  etched  into  the  backside  of  the  substrate.  The 
well  position  is  registered  to  within  ±5  pm  of  the  device  using  an  infrared  backside  contact 
aligner.  This  well  is  etched  early  in  the  process  before  device  fabrication.  The  lens  is 
affixed  using  a low  melting  point  wax. 


HI.  OPTICAL  LAYOUT 

An  apparatus  for  characterizing  the  devices  and  measuring  noise  temperature  has  been 
constructed  and  is  illustrated  in  FIG.  4.  The  mixer  block  is  attached  to  an  OFHC  Cu  pedes- 
tal on  the  cooled  plate  of  a dewar.  The  base  temperature  is  below  2 K,  which  is  needed  for 
Nb  DHEB  operation.  The  THz  radiation  enters  the  dewar  through  a quartz  window  and  a 
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FIG.  4.  Measurement  setup  for  noise  temperature. 


reststrahl  filter  designed  to  block  radiation  above  about  6 THz.  The  mixer  is  connected 
through  a bias  tee  and  a semi-rigid  coaxial  cable  to  a commercial  cooled  HEMT  IF  ampli- 
fier (L  band)  with  a noise  temperature  about  5 K. 

The  local  oscillator  signal  is  produced  by  an  optically-pumped  far-infrared  laser.  The 
laser  is  1 m long  and  operates  on  most  FIR  laser  lines  between  30-300  pm.  The  polarization 
of  the  linearly  polarized  EHn  output  mode  can  be  rotated  or  converted  to  circular  (if  de- 
sired) by  a polarization  diplexer . The  FIR  laser  and  its  C02  pump  source  run  sealed  off,  but 
can  be  refilled  with  gas  of  any  isotopic  composition.  Initially,  tests  of  HEB  mixers  are  being 
done  with  the  15NH3  line  at  153  pm.  The  output  power  ofthe  free-running  FIR  laser  is  stable 
to  better  than  1 % over  a period  of  several  minutes,  but  is  normally  actively  stabilized  to 
better  than  0.01  % long  term  by  a closed-loop  leveling  circuit.  FIG.  4 shows  the  GaAs 
Schottky  diode  sensor  used  for  power  control.  An  error  signal  generated  from  the  differ- 
ence between  the  diode  output  and  a reference  voltage  is  used  to  control  the  C02  pump  laser 
frequency,  and  hence  the  FIR  laser  output  power. 
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IV.  RESULTS 

We  have  successfully  fabricated  several  devices  using  the  method  described  in  this  pa- 
per. The  extreme  restriction  on  the  dimensions  of  the  device  required  for  maximizing  the 
IF  gain  bandwidth  (and  minimizing  LO  power  requirements)  were  achieved  in  all  cases, 


(b) 

FIG. 5.  (a)  SEM  pictures  of  the  DHEB,  (b)  AFM  pictures  of  the  DHEB. 
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i.e.  device  lengths  less  than  100  nm.  The  thickness  of  the  Nb  in  all  cases  was  12  nm.  The 
critical  temperatures  exhibited  by  the  devices  was  4.8  K with  a transition  width  in  the  range 
of  0.5  K.  FIG.  5(a)  shows  SEM  images  of  the  devices  including  the  spiral  antenna,  whereas 
FIG.  5(b)  shows  AFM  images  of  the  microbolometer  at  the  antenna  feeds. 
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Abstract. 

The  Vector  Network  Analyzer  developed  by  AB  MILLIMETRE  since  1989  permits  vector 
measurements  in  the  frequency  range  from  8 to  1000  GHz  (with  a single  pair  of  extensions)  and 
beyond  (with  mutiplication  chains).  It  is  used  in  electrical  engineering  field,  like  in  antenna 
measurements,  and  also  in  the  domain  of  research  in  Physics,  like  in  the  magnetic  resonances  at  high 
magnetic  field.  In  this  last  case,  working  at  several  frequencies  simultaneously  saves  a lot  of  time.  In 
the  case  of  antenna  measurements,  such  possibility  could  also  demonstrate  the  phase  center  frequency 
dependence  without  needing  extremely  accurate  mechanical  positioning 

I.  Single  Schottky  Multipliers. 

At  the  beginning  of  this  new  century,  a large  variety  of  research  work  is  exploring  the  possibility  of 
new  sources  at  the  THz  range.  See  the  sessions  "Sources"  (1).  However,  the  most  common,  and 
traditional,  way  for  obtaining  coherent  millimeter-submillimeter  waves  from  solid-state  electronics 
devices  above  200  GHz  is  the  use  of  Gunn  oscillators  feeding  Schottky  multipliers.  See  the  sessions 
Multiplication  (2).  Such  multipliers  can  be  made  from  a single  Schottky.  In  this  case  the  non-linear 
effects  generate  a comb  of  harmonics  Ma  at  frequencies  Fmm  from  a Gunn  A at  frequency  Fa: 

Fmm  = Ma  x Fa 

where  the  integer  Ma  can  take  values  large  enough  so  that  Fmm  is  above  the  cutoff  of  the  multiplier's 
output.  With  appropriate  mechanical  tunings,  one  can  optimize  the  desired  harmonic.  When  making 
use  of  high-pass  filters,  undesired  lower  harmonics  can  be  suppressed.  When  associating  a widely 
mechanically  tunable  Gunn  (typically  Fa  = 95  +/-  15  GHz),  there  is  an  overlapping  of  successive 
harmonics,  so  that  one  has  the  availability  of  a continuous  frequency  coverage  source  (we  call  it  ESA- 
1-FC).  Naturally,  the  emitted  power  decreases  with  frequency,  being  of  the  order  of  1 mW  ca  200-300 
GHz,  0.1  mW  ca  400-500  GHz,  and  decreasing  then  typically  by  10.7  dB  per  100  GHz  (being 
typically  1 uW  at  700  GHz,  0.6  nW  at  1 THz). 

II.  Simultaneous  scalar  detection  of  several  harmonics  from  the  same  source  (multi-harmonic 
multiplier,  or  multiplication  chain). 

In  August  2000,  in  order  to  make  easier  the  developments  and  adjustments  of  the  multi-harmonic 
multipliers  that  we  needed  for  our  "Full  Coverage"  submillimeter  source  described  above  (Gunn  at  Fa 
feeding  a single-Schottky  multiplier),  we  have  created  a new  instrument  called  SIMUHADE 
(Simultaneous  MUlti-Harmonic  DEtector).  In  the  SIMUHADE,  a centimeter  source  at  frequency  FI 
(between  8 and  18  GHz)  is  PLL-controlled  so  that  its  harmonic  k is  maintained  at  10  MHz  from  the 
millimeter  frequency  Fa.  This  centimeter  source  is,  through  a flexible  coax  cable,  the  Local  Oscillator 
LO  of  a sensitive  tunable  Harmonic  Mixer  HM  which  detects  the  microwaves  at  the  multiplier  output. 
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Visualization  of  the  harmonics  generated  by  the  Multiplier  is  made  easy  using  a 0-100  MHz  scale 
spectrum  analyzer.  Each  harmonic  Ma  appears  at  the  frequency  Ma  x 10  MHz.  See  for  instance  Fig.l 
the  harmonics  M=3-4-5  at  309-412-515  GHz,  created  from  a Gunn  at  103  GHz,  and  Fig.2,  the 
harmonics  M=5-6-7  at  480-576-672  GHz,  from  a Gunn  at  96  GHz.  The  effects  of  possible 
adjustments  on  the  mutiplier  (bias  on  the  Schottky,  mechanical  tunings)  are  immediately  visible  on 
the  spectrum  analyzer.  With  the  smallest  bandwidth  compatible  with  a fast  scan  (ca  10  kHz),  and  with 
the  conversion  loss  in  the  harmonic  mixer  HM  (from  46  dB  at  250  GHz,  to  80  dB  at  1 THz)  the 
smallest  detectable  powers  vary  from  -70  dBm  at  250  GHz,  to  -40  dBm  at  1 THz  (3).  Notice  that  the 
SIMUHADE  can  also  be  used  when  testing  cascaded  multiplication  chains.  In  this  case,  one  can 
observe  the  desired  harmonic  with  a sensitivity  better  than  that  of  a calorimeter,  and  also  sometimes 
unexpected  spurious  signals,  like  M=5  after  a sextupler  made  of  a tripler  cascaded  by  a doubler. 

III.  Simultaneous  vector  detection  of  two  harmonics  from  the  same  source  (multi-harmonic 
multiplier). 

For  the  vector  measurements  in  the  range  250-1000  GHz,  we  associate  to  the  Full  Coverage  source 
ESA-l-FC  (a  multi-harmonic  multiplier)  described  in  I.,  a similar  single  Schottky  device,  called  ESA- 
2-FC  (a  multi-harmonic  harmonic  mixer),  having  as  LO  a Gunn  B at  the  frequency  Fb  (Fb  = Fa).  Both 
Gunns,  A & B,  are  referenced,  with  PLL  controls  of  different  offsets,  to  the  same  centimeter  LO 
inside  the  Vector  Network  Analyzer  MVNA-8-350.  The  Gunn  frequencies  are  maintained  at  a small 
fixed  frequency  difference: 

Fa  - Fb  = f 

the  phase  noise  between  them  is  eliminated,  and  the  oscillator  giving  f can  also  give  the  phase 
reference  to  the  Vector  Receiver  VR  of  the  Vector  Network  Analyzer  (4).  After  harmonic  mixing 
detection,  the  comb  of  successive  harmonics  Ma  x Fa  (submillimeter  waves)  gives  a comb  Ma  x f 
(radiofrequencies  below  100  MHz)  at  the  ESA-2-FC  output.  We  operate  the  vector  detection 
simultaneously  at  two  frequencies  when  using  the  two  channels  of  the  Vector  Receiver  tuned 
respectively  at  Ma  x f (on  Channel  1,  called  "major"  harmonic),  and  at  (Ma-Ma-1)  x f (on  Channel  2, 
called  "minor"  harmonic).  At  Gunn  B,  the  corresponding  harmonic  mixing  ranks  are  the  same: 
Mb=Ma,  and  Mb -Ma-Ma-1.  This  dual-frequency  capability  has  been  intensively  used  in  the  domain 
of  spectroscopy  at  high  magnetic  fields  (5).  It  has  also  been  used,  for  instance,  in  the  search  of 
resonances  in  whispering  gallery  resonators,  see  Fig.3. 

IV.  Comparison  of  Full-Coverage  (single-Schottky),  or  dedicated  (several  Schottkys),  multiplier 
sources. 

Notice  that  the  noise  floor  Pn  of  the  MVNA-8-350  is  very  low,  of  the  order  of  Pn=- 1 5 5 dBm,  due  to  a 
small  equivalent  detection  bandwidth.  If  the  ESA-l-FC  emitted  power  is  Pmm,  and  if  the  ESA-2-FC 
detector  conversion  loss  is  L,  the  dynamic  range  S/N  will  be  given  by: 

S/N  (dB)  = Pmm  (dBm)  - L (dB)  - Pn  (dBm) 

With  the  pair  of  extensions  ESA- 1 -FC/ES A-2-FC  associated  to  the  MVNA,  the  observed  S/N  varies 
from  ca  130  dB  at  300  GHz,  to  ca  30  dB  at  1000  GHz  (see  Fig.4,  branch  a,  slope  -14.3  dB/100  GHz). 
The  corresponding  conversion  loss  L of  the  harmonic  mixer  ESA-2-FC  is  typically  48  dB  at  700  GHz, 
and  its  frequency  dependence  gives  a slope  of  3.6  dB/100  GHz.  Let  us  remark  that  this  loss  L 
evolution  with  frequency,  on  the  ESA-2-FC  detection  side,  is  three  times  slower  than  the  power 
decrease  on  the  ESA-l-FC  source  side  (-10.7  dB/100  GHz  as  seen  in  section  I.).  For  experiments 
beyond  1 THz,  the  single-Schottky  ESA-2-FC  extension  could  still  be  used  for  detection,  if  the  single 
Schottky  multiplier  source  ESA-l-FC  is  replaced  by  dedicated  multiplication  chains  (optimized  to 
generate  a single  harmonic).  With  such  state-of-the-art  chains,  the  available  microwaves  can  be  20 
uW  ca  ITHz,  1 uW  ca  1.7  THz  (6).  By  extrapolating  the  linear  evolution  of  the  loss  L of  ESA-2 -FC 
observed  from  300  to  1000  GHz,  one  predicts  a dynamic  range  which  permits  experiments  up  to  1.8 
THz,  see  Fig.4,  branch  b. 
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V.  Simultaneous  vector  detection  of  two  freq  uencies  from  different  sources  (two  multiplication 
chains). 

The  dynamic  range  shown  in  Fig.4  is  a clear  indication  that  dedicated  multiplication  chains  give  more 
comfortable  signals  above  600  GHz,  and  are  quite  necessary  above  1 THz.  However,  contrary  to  the 
single-Schottky  multipliers,  multiplication  chains  are  built  for  delivering  a single  frequency.  The  dual- 
frequency experiments  remain  possible  with  two  separate  multiplication  chains,  detected  by  the 
previous  ESA-2 -FC  harmonic  mixer,  which  is  a single  Schottky  device,  and  can  detect  simultaneously 
two  harmonic  mixing  ranks  Mb  and  Mb'.  These  ranks  will  be,  most  of  the  time,  successive  integers' 

Mb’  = Mb  - 1 

Mb  and  Mb’  can  be  prime  numbers.  On  the  contrary,  the  multiplication  ranks  Ma  and  Ma’  cannot  be 
prime  numbers,  since  the  multiplication  chains  combine  cascaded  doublers  and  triplers.  Possible  Ma 
and  Ma’  values  are:  4,  6,  8,  9,  12,  16,  18,  24...  Fig.5  gives  the  schematic  diagram  of  the  two 
multiplication  chains  (Gunn  A,  and  Gunn  A’)  detected  by  the  single-Schottky  Harmonic  Mixer  ESA- 
2-FC  (Gunn  B).  Each  Gunn  is  PLL-controlled  so  that  its  frequency  is  related  to  the  frequency  FI  of 
the  7.4-18.6  GHz  centimeter  source  inside  the  MVNA,  with  a harmonic  rank  K and  an  offset  Fo.  For 
Gunns  A,  A',  B: 

Fa  = KaFl  - Foa 
Fa'  = Ka'Fl  - Foa' 

Fb  = Kb  FI  - Fob 

The  harmonic  mixing  ranks  at  detection  are  Mb  for  the  frequency  Fmm  coming  from  the  Gunn  A after 
multiplication  by  Ma,  and  Mb’  for  Fmm'  coming  from  Gunn  A'  multiplied  by  Ma'.  The  intermediate 
frequencies  Fvr  and  Fvr',  appearing  together  at  the  ESA-2-FC  output,  obey  similar  equations.  For 
instance: 

Fvr  — (Ma  Ka  - Mb  Kb)  FI  + Mb  Fob  - MaFoa 
where  FI  can  be  eliminated  if: 

Ma  Ka  = Mb  Kb 
and,  similarly: 

Ma'  Ka'  = Mb'  Kb 

Practically,  one  chooses  a fixed  frequency  for  Fob  (37.5  MHz),  the  Channel  1 receiver  frequency  is  at 
Fvr=59.0105  MHz,  and  the  Channel  2 receiver  frequency  at  Fvr’=34.0105  MHz,  the  offsets  Foa  and 
Foa'  being  generated  by  synthesizers  at  frequencies: 

Foa  = (Mb  / Ma)  Fob  - Fvr  / Ma 
Foa’  = (Mb’ /Ma')  Fob  - Fvr’/Ma’ 

Preliminary  experiments  have  demonstrated  a good  behaviour,  for  several  cases  (see  Table  1),  with  a 
crosstalk  (detection  of  Fmm  in  Channel  2,  detection  of  Fmm'  in  Channel  1)  below  -80  HR 

References. 

1-2.  8th  International  Conference  on  Terahertz  Electronics,  28th-29th  September  2000,  Darmstadt, 
Germany,  sessions:  Sources  I-II-UI,  Multiplication  I. 

3.  SIMUHADE,  User's  Manual,  AB  MILLIMETRE,  16  Aug  2000. 

4.  French  Patent  CNRS-ENS  September  1st  1989,  extended  by  AB  Millimetre  to  Europe  and  to  the 
USA:  European  Pat.  EP  0 420  767  April  3rd  1991,  US  Patent  P.  Goy,  M.  Gross,  N°  5 1 19  035  June 
2nd  1992. 

5.  K.  Katsumata,  H.  Yamaguchi,  M.  Hagiwara,  M.  Tokunaga,  H-J.  Mieska,  P.  Goy,  M.  Gross, 
"Single-ion  magnon  bound  states  in  antiferromagnet  with  strong  uniaxial  anisotropy",  Phys.  Rev.  B 
61,  pp.  11632-11636  (2000).  P.  Goy,  S.  Caroopen,  M.  Gross,  K.  Katsumata,  H.  Yamaguchi,  M. 
Hagiwara,  H.  Yamazaki,  "Dual-frequency  vector  detection  in  the  8-800  GHz  interval.  Application  to 
spectroscopy  at  high  magnetic  field",  23rd  Intemat.  Conference  on  Infrared  and  Millimeter  Waves, 
Colchester,  University  of  Essex,  UK,  7- 1 1 September  1998. 

6.  T.  Klein,  C.  Kaseman,  MPI  fur  Radioastronomie  Bonn,  Germany,  private  communication. 


179 


12th  International  Symposium  on  Space  Terahertz  Technology 


Fig.L 

Vertically  : lOdB/div.  Horizontally  : 10  MHz/div, 
Span  0-100  MHz.  Signal  detected  by  the 
SIMUHADE  with  a Gunn  at  103  GHz  feeding  a 
single-Schottky  multi-harmonic  multiplier  with  a 
F>285  GHz  high-pass  filter  at  its  output.  The 
successive  harmonics  M—  3-4-5,  observed  at  30- 
40-50  MHz,  correspond  to  the  microwaves  at 
309-412-515  GHz. 
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Search  for  whispering  gallery  mode  resonances 
in  a quartz  disc,  1 8mm  diameter,  thickness  1mm. 
The  frequency  sweep  is  operated  from  664.3  GHz 
to  666  GHz  on  the  harmonic  M-7  of  the 
multiplier  (lower  trace,  resonance  found  at  665.1 
GHz),  and,  simultaneously,  on  the  harmonic  M=6 
of  the  multiplier,  from  569.4  GHz  to  570.9  GHz 
(upper  trace,  resonances  found  at  569.8  and 
570.8  GHz). 


Experimental  setup  for  dual-frequency  detection 
of  two  independent  multiplication  chains. 


Same  as  Fig.l,  with  a F>475  GHz  high-pass 
filter  at  the  multiplier’s  output,  and  a Gunn 
tuned  at  96  GHz . The  harmonics  M=5-6-7 
observed  at  50-60-70  MHz,  correspond  to 
microwaves  at  480-576-676  GHz. 


Dynamic  range,  MVNA-8-350  with  extensions.  In 
a)  : observed  with  a single  pair  of  extensions 
(source  ESA-l-FC,  detection  ESA-2-FC)  covering 
continuously  the  interval  250-1000  GHz.  In  b)  : 
extrapolated  from  available  powers  from  different 
multiplication  chains,  all  detected  with  the  single 
extension  ESA-2-FC. 


Fmm 

Fmm' 

(GHz) 

Ma 

Ma’ 

Mb 

Mb’ 

Fa 

Fa1 

Ka 

Ka' 

Fb 

Kb 

FI 

(GHz) 

597 

6 

6 

99.5 

6 

99.5 

6 

16.58 

497.5 

6 

5 

82.92 

5 

768 

8 

8 

96 

8 

96 

8 

12 

672 

8 

7 

84 

7 

832 

8 

8 

104 

8 

104 

8 

13 

936 

12 

9 

78 

6 

i 

1080 

12 

12 

90 

12 

90 

12 

7.5 

990 

12 

11 

82.5 

11 

Table  L 

Parameters  of  the  observed  pairs  of frequencies. 
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Time-Domain  Pulsed  THz  Near-Field  Scanning  Microscope  with  ~ A/50  Resolution 

Oleg  Mitrafanov,*+  Mark  Lee,*  and  John  Federicf 

* Bell  Laboratories  - Lucent  Technologies,  600  Mountain  Ave.,  Murray  Hill,  New  Jersey  07922 
"Dept,  of  Physics,  New  Jersey  Institute  of  Technology,  Newark,  New  Jersey  07102 

The  technique  of  time  gating  single-cycle  picosecond  pulses  is  known  to  have  several  advantages 
over  continuous  wave  (CW)  methods  in  far-infrared  spectroscopy.  Because  the  short  pulses  have  a very 
broad  frequency  content  typically  peaked  around  1 THz,  a large  spectral  range  can  be  covered 
simultaneously  with  a single  source.  Also,  because  measurements  are  in  the  time  domain,  full  phase 
information  is  maintained  when  performing  a Fourier  transform,  something  generally  not  done  with  CW 
methods.  The  absorption  resonances  many  chemicals,  dielectrics,  and  organic  materials  have  in  the  THz 
frequency  range  make  THz  spectroscopy  very  useful.1  Unfortunately,  with  a free-space  wavelength  of 
order  ~300  pm,  diffraction-limited  THz  spectroscopy  lacks  the  spatial  resolution  necessary  to  study  the 
internal  structure  of  electronic  devices  and  biological  cells.  To  do  this  requires  resolution  < 10  pm. 

We  have  adapted  near-field  optical  methods  to  construct  a time-domain  pulsed  THz  scanning 
microscope  with  spatial  resolution  well  below  the  diffraction  limit.  Using  an  antenna-coupled  low- 
temperature  grown  GaAs  photoconductive  switch,  we  generate  single-cycle  pulses  having  a spectrum  that 
peaks  near  600  GHz  (500  pm)  with  a ~ 300  GHz  half-width.  These  pulses  are  broadcast  through  free- 
space  and  detected  by  a second  synchronously  time-gated  photoconductive  switch.  The  high  spatial 
resolution  is  achieved  by  fabricating  a sub-wavelength  aperture  integrated  on  the  chip  face  opposite  the 
detector  switch.  The  sub-wavelength  aperture  is  a 10  to  50  pm  lateral  dimension,  ~ 1 pm  high  GaAs 
protrusion  in  a surrounding  thick  Au  screen.  The  aperture  is  place  between  5 to  50  pm  from  the  detector 
switch  by  polishing  down  the  GaAs  wafer. 

Our  most  recent  measurements  show  that  a minimum  aperture  dimension  of  10  pm  can  produce  an 
acceptable  signal-to-noise  ratio  > 10  dB  when  placed  < 10  pm  in  front  of  the  detector.  Under  these 
conditions,  the  spatial  resolution  is  set  by  the  aperture  size,  not  by  the  diffraction  limit  or  by  the  exact 
aperture-to-detector  distance.  Resolution  tests  performed  by  scanning  across  the  edge  of  a patterned  Au 
film  on  a sapphire  substrate  showed  a resolution  of  1 1 pm  based  on  a 10%  to  90%  intensity  rise  criterion. 
This  corresponds  to  approximately  A/50,  using  the  peak  600  GHz  for  A.  Scanning  across  a metal  edge, 
the  resolution  is  polarization  dependent,  with  higher  resolution  when  the  polarization  is  parallel  to  the 
edge.  The  aperture  is  also  observed  to  act  as  a high-pass  filter  for  the  transmitted  pulse,  attenuating 
strongly  the  frequency  content  below  ~ 300  GHz.  Details  of  the  techniques  and  results  will  be  presented. 


1 S.  Hunsche,  D.  M.  Mittleman,  M.  Koch,  and  M.  C.  Nuss,  IEICE  Trans,  on  Electronics  E81C,  269  (1998) 
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DESIGN  OF  SUBMILLIMETER- WAVE  CAMERA  WITH  SUPERCONDUCTING 

DIRECT  DETECTORS 

Seiichirou  Ariyoshi",  Hiroshi  Matsuo6,  Masanori  Takedac  and  Takashi  Noguchi'" 

° Astronomical  Institute,  Tohoku  University,  Sendai,  Miyagi  980-8578,  Japan 
6 National  Astronomical  Observatory,  Mitaka,  Tokyo  181-8588,  Japan 
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Abstract 

We  have  designed  and  are  fabricating  submillimeter-wave  focal  plane  array  based  on  super- 
conducting direct  detectors  for  Atacama  Submillimeter  Telescope  Experiment  (ASTE).  Antenna- 
coupled  SIS  junctions  with  low  leakage  current  can  be  used  as  sensitive  submillimeter-wave 
detectors.  Distributed  junction  array  coupled  to  log-periodic  antenna  is  designed  to  realize 
high  quantum  efficiency  and  wide  frequency  coverage.  The  observing  center  frequency  using 
Nb/Al-AlOx/Nb  junctions  is  about  650  GHz  (450  pm).  The  electrical  characteristics  of  the 
single  SIS  junction  are  measured.  The  achieved  leakage  current  and  current  noise  at  0.5mV- 
bias  is  6.3  pA  and  1.8  fA/\/Hz,  respectively.  This  measured  current  noise  is  consistent  with  the 
calculated  shot-noise  limited  one.  The  expected  noise  equivalent  power  (NEP)  is  an  order  of 
10- 18  W/\/Hz.  Bandwidth  of  the  antenna-coupled  SIS  junctions  is  calculated  to  be  more  than 
60  GHz  (FWHM)@650  GHz  with  Jc  = 1 kA/cm2. 

1 Introduction 

The  submillimeter-wave  region  plays  an  important  role  in  the  next  generation  of  radio  astron- 
omy as  the  most  suitable  probe  to  realize  the  search  of  primordial  galaxies  and  the  observational 
clarification  of  galaxy  formation  epoch.  It  is  necessary  for  astronomical  continuum  observations 
to  develop  a submillimeter-wave  camera  with  wide  frequency  coverage  and  wide  field  of  view. 
Bolometer  arrays  have  been  widely  used  for  submillimeter-wave  continuum  observations.  But 
these  systems  have  many  difficulties  because  of  low  operating  temperature  and  fabrication  of 
two-dimension  arrays.  On  the  other  hand,  antenna-coupled  SIS  junctions  with  low  leakage  cur- 
rent can  be  used  as  sensitive  submillimeter-wave  detectors  and  are  expected  to  have  capabilities 
beyond  these  bolometer  systems.  Direct  photon  detection  at  microwave  band  was  first  predicted 
theoretically  by  Tucker  and  Millea  (1978)  [1],  and  then  proved  experimentally  by  Richards  et  al. 
(1979)  [2].  They  tested  a Pb(In,Au)  SIS  junction  which  cooled  down  to  1.4  K,  and  succeeded  in 
the  36  GHz  photon  detection.  NEP  was  2.6  ± 0.8  x 10“ 16  W/y/Ez.  They  pointed  out  the  need 
of  fabricating  SIS  junctions  with  low  leakage  current  for  further  improvement.  Until  recently, 
we  have  discussed  the  possibility  for  realization  of  superconducting  direct  detectors  (SIS  photon 
detectors)  [3]  [4]. 

In  this  paper,  we  propose  to  use  SIS  photon  detectors  for  future  instrument  as  submillimeter- 
wave  wide  field  imaging  array.  We  also  discuss  the  design  of  the  antenna-coupled  SIS  photon 
detectors  and  present  situations. 


2 Atacama  Submillimeter  Telescope  Experiment 

The  Atacama  Submillimeter  Telescope  Experiment(ASTE)  is  a Japanese  experimental  project 
previous  to  the  Atacama  Large  Millimeter/Submillimeter  Array(ALMA),  as  the  first  large  sub- 
millimeter telescope  in  the  southern  hemisphere.  The  ASTE  lOm-diameter  telescope  will  be 
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Figure  1:  ASTE  lOm-diameter  telescope 


equipped  with  submillimeter-wave  focal  plane  array  based  on  superconducting  direct  detectors 
for  astronomical  continuum  observations  and  SIS  mixers  (100,  230,  345,  490,  670,  850  GHz) 
for  spectral  line  observations  at  Pampa  La  Bola(4800m  altitude),  Atacama,  Northern  Chile. 
Nobeyama  Radio  Observatory  of  Japan  manages  the  ASTE  project.  Figure  1 shows  a picture 
of  the  ASTE  10m  telescope  in  Nobeyama  Radio  Observatory  to  be  installed  in  Atacama  in  late 
2001.  Figure  2 shows  the  atmospheric  transmission  at  ASTE  site  [5].  We  plan  to  observe  using 


Figure  2:  Measured  atmospheric  transmission  spectrum  at  ASTE  site 

the  atmospheric  windows  at  650  GHz  and  350  GHz  using  niobium  and  tantalum  based  SIS 
junctions,  respectively. 
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3 The  submillimeter-wave  camera 

The  submillimeter-wave  camera  for  the  ASTE  project  requires  low  noise  superconducting  di- 
rect detectors  for  continuum  observations.  The  superconducting  direct  detectors  have  two  kinds 
of  operating  principles.  One  is  called  ’photon  detection’,  when  an  incident  photon  energy(h//)  is 
larger  than  the  gap  energy(2A)  of  Cooper-pair.  In  this  case,  Cooper-pair  can  be  broken  directly 
by  a photon.  This  principle  is  often  used  as  the  photon-counting  UV  and  optical  detectors. 
The  other  is  called  ’video  detection’,  when  hv  is  less  than  2A,  then  SIS  junction  need  to  be 
connected  to  an  antenna,  and  an  incident  photon  can  be  detected  by  the  principle  of  ’photon- 
assisted- tunneling( PAT)’.  Niobium  SIS  junctions  have  2A  of  about  3 meV  which  correspond  to 
the  radiation  frequency  of  about  TOO  GHz.  As  shown  in  Figure  2,  because  the  observable  center 
frequency  is  about  650  GHz,  we  adopt  the  latter  case.  It  is  necessary  to  apply  the  bias  voltage 
of  0.5  mV  at  both  sides  of  a SIS  junction. 

Distributed  junctions  coupled  to  a log-periodic  antenna  axe  designed  to  realize  high  quantum 
efficiency  and  wide  frequency  coverage.  First,  the  electrical  characteristics  of  niobium  SIS  junc- 
tions are  measured.  Second,  we  estimate  the  input  coupling  efficiency  of  SIS  distributed  junction 
array  with  a log-periodic  antenna. 

3.1  Electrical  characteristics  of  the  SIS  junction 

Before  we  show  our  measurement  of  the  leakage  current  and  current  noise  of  the  single  SIS 
junction,  we  estimate  the  parameters  of  detector  performance.  Johnson  noise  (Nj)  and  the  shot 
noise  (Ars)  associated  with  the  leakage  current  is  expressed  as  follows. 

»i  = \J^f  A/Vffi 

Ns  = \/2e7o  A/VHz 

T,  R,  J0,  e and  kB  indicate  temperature,  resistance,  leakage  current  of  the  SIS  device,  electron 
charge  and  Boltzmann’s  constant,  respectively. 

According  to  Tucker’s  theory[6],  the  current  responsivity(S„)  using  as  ’video  detection’  is  ex- 
pressed by 


(1) 

(2) 


S„  = A)W.  (3) 

V and  h indicate  the  quantum  efficiency  and  Planck’s  constant. 

When  Nj  < Na,  Noise  Equivalent  Power(NEP)  is  expressed  by 

NEP  = 


For  example,  when  I0  and  t)  are  10  pA  and  0.1  respectively,  the  expected  shot-noise  limited  NEP 
is  an  order  of  10~17  W/y/Hz  @650  GHz.  We  need  to  fabricate  SIS  junctions  with  low  leakage 
current  and  high  coupling  efficiency  to  input  radiation.  It  is  advantageous  to  use  low  current 
density  junctions  to  achieve  low  leakage  current,  but  this  degrade  the  coupling  efficiency.  In  the 
following  sections,  we  show  that  the  current  density  of  0.5-1  kA/cm2  is  a good  compromise  to 
achieve  low  current  density  and  high  quantum  efficiency  at  the  same  time. 


Ns 

S, 

hv 

V 


\y/VHz 


(4) 
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3.1.1  I-V  characteristic 

The  critical  temperature  of  niobium  is  9.2  K.  A single  SIS  junction  is  cooled  down  to  0.3  K in 
order  to  reduce  the  leakage  current  caused  by  thermal  excitation  of  Cooper-pair.  The  read-out 
circuit  in  this  experiment  is  composed  of  a silicon  J-FET  used  as  a source  follower  and  trans- 
impedance  amplifier,  as  shown  in  Figure  3. 


Figure  3:  Read-out  circuit 


We  measured  the  I-V  characteristic  of  a single  element  niobium  junction  as  shown  in  Figure  4. 
The  critical  current  density(Jc)  is  0.5  kA/cm2  and  the  size  is  4 • -4  pm2  square.  The  achieved 


2mV/div 


Figure  4:  Bias- voltage  vs.  Leakage- current  characteristic 
leakage  current  is  6.3  pA  at  bias  voltage  of  0.5  mV,  as  shown  in  Figure  5. 
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Figure  5:  Bias-voltage  vs.  Leakage- current  characteristic  (magnified) 


3.1.2  I-T  characteristic 

Figure  6 shows  the  leakage  current  as  a function  of  temperature  of  the  single  SIS  junction.  In 
this  figure,  the  fitted  curve  indicates  temperature  dependence  of  the  leakage  current  associated 
with  thermal  excitation  of  Cooper-pair.  We  can  see  that  the  leakage  current  at  0.3  K decreases 


Figure  6:  Temperature  vs.  Leakage-current  characteristic 


about  6 orders  of  magnitude  as  compared  to  the  leakage  current  at  4.2  K.  According  to  equa- 
tion (4),  when  I0  and  r\  are  6.3  pA  and  1,  respectively,  the  expected  shot- noise  limited  NEP  is  an 
order  of  10~18  W/i/Hz  @650  GHz.  This  measurement  suggests  that  the  operating  temperature 
of  less  than  0.9  K is  required  to  achieve  NEP  of  an  order  of  10~18  W/\/ijz,  although  we  do  not 
have  measured  value  around  0.9  K. 
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3.1.3  Noise  characteristic 

Figure  7 shows  the  current  noise  at s a function  of  frequency.  The  measured  current  noise 
is  about  1.8  fA/\/Hz  at  white-noise  level.  This  current  noise  is  consistent  with  the  shot-noise 
limited  value  calculated  using  Jo  at  0.3  K . Using  the  equation  (4).  the  noise  equivalent  power 
(NEP)  can  be  4 • •10~18  W/\/Hz- 

Because  the  300K  atmospheric  background  limited  NEP  is  an  order  of  10“16  W/VHz,  this 
detector  NEP  is  sufficient  for  ground-batsed  observations. 
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Figure  7:  Noise  Characteristic 


3.2  Design  of  submillimeter-wave  camera 

3.2.1  SIS  Distributed  Junction  Array 

Using  a low  critical  current  density  junction,  the  bandwidth  of  the  detector  becomes  much 
narrower  compared  to  the  atmospheric  window.  For  instance,  when  our  single  SIS  junction 


Rs  Superconductor  stripline 


Figure  8:  Equivalent  circuit  of  SIS  Distributed  Junction  Array 
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with  Jc  = 1 kA/cm2  have  the  normal  state  resistance  Rn  ~ 220  U • pm2  and  the  capacitance 
Cj  ~ 85  fF//im2,  the  u>RnC3  product  is  about  75  at  650  GHz,  when  bandwidth  is  narrower  about 
one  order  of  magnitude  as  compared  to  atmospheric  window  around  650  GHz.  Therefore,  We 
need  to  fabricate  the  SIS  junction  with  higher  Jc  (>1  kA/cm2)  and  smaller  size  (~  a few  pm2). 
To  realize  the  much  wider  frequency  coverage,  we  adopt  distributed  junction  array  proposed  by 
Shi  et  al.(1997)  [7]  and  inhomogeneous  distributed  junction  array  by  Takeda  et  al.(2000)  [8], 
that  each  SIS  junction  connected  in  parallel  through  superconducting  micro-strip  as  shown  in 
Figure  8.  To  optimize  its  frequency  response,  we  modeled  the  distributed  junctions  with  the 
equivalent  circuits,  and  calculate  its  coupling  efficiency.  We  adopt  that  the  number  of  junctions 
is  6,  each  junction  size  is  4 pm 2 and  Jc  is  1 kA/cm2.  Each  junction  has  same  size,  because 
we  want  to  suppress  DC  Josephson  current  at  same  magnetic  field.  The  frequency  response  is 
tuned  by  different  inductance  of  each  micro-strip  line.  According  to  our  numerical  calculations, 
the  optimized  input  coupling  efficiency  is  more  than  0.5  with  a bandwidth  of  more  than  60  GHz 
where  the  obser\ing  center  frequency  is  650  GHz  as  shown  in  Figure  9.  This  frequency  coverage 
is  comparable  to  the  bandwidth  of  good  atmospheric  transmission  at  650  GHz, 


Figure  9:  Coupling  efficiency  of  SIS  Distributed  Junction  Array 


3.2.2  Superconducting  direct  detectors 

Figure  10  shows  the  design  of  superconducting  direct  detectors  based  on  the  simulation 
in  the  previous  section.  Table  1 summarizes  the  design  parameters.  It  is  necessary  for  wide 
field  and  deep  imaging  observation  to  realize  large  two-dimensional  imaging  array.  We  adopt 
the  log-periodic  planner  antenna,  which  have  wide  frequency  bandwidth  and  can  be  fabricated 
easily  in  large  number  of  pixels.  It  is  designed  to  cover  the  frequency  range  of  200-1600  GHz 
and  F-ratio  of  1 for  the  compact  optics. 

The  6 junctions  are  fed  symmetrically  at  both  wings  of  a log-periodic  antenna,  which  has 
the  diameter  of  about  420  pm  on  sapphire  substrate.  A piece  of  hyper-hemispherical  lense 
made  of  Sapphire  focuses  the  input  to  the  log-periodic  antenna.  The  impedances  of  the 
log-periodic  antenna  and  SIS  distributed  junction  array  are  41.3  and  9.1  ft  respectively,  so 
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Figure  10:  Design  of  superconducting  direct  detectors 


that  these  two  components  are  connected  by  an  impedance  transformer  with  a characteristic 
impedance  of  \/41.3  • *9.1  = 19.4  Q with  a quarter  wavelength  long(=  60.5  /im).  At  present, 
we  have  prepared  the  photo-masks  in  collaboration  with  RIKEN(The  Institute  of  Physical  and 
Chemical  Research,  Japan).  Figure  11  shows  the  design  of  the  photo-mask,  on  five  millimeter 
square  silicon  wafer. 

4 Summary  and  Future 

We  have  designed  and  are  fabricating  submillimeter-wave  focal  plane  array  based  on  super- 
conducting direct  detectors  for  Atacama  Submillimeter  Telescope  Experiment  (ASTE).  We  have 
designed  the  antenna-coupled  SIS  junctions  with  a relatively  low  current  density  (~  1 kA/cm2), 
low  leakage  current^  10  pA  at  0.5mV-bias  voltage)  and  small  size  4 /rm2).  It  is  estimated 
that  NEP  is  an  order  of  10-18  W/\/Hz  using  SIS  junctions  at  less  than  0.9  K.  We  have  de- 
signed the  antenna-coupled  Nb  junction  with  3x3  pixels,  and  its  fabrication  and  evaluation  are 
underway.  We  are  going  to  fabricate  10x10  pixels  imaging  array  with  superconducting  direct 
detectors  for  the  ASTE  telescope  in  Atacama. 
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parameter  name 

parameter 

unit 

Width  of  Impedance  Transformer 

W1 

3.0 

pm 

Width  of  DJ  Array 

W2 

5.0 

pm 

Size  of  SIS  junction 

A1-A6 

4.0 

pm2 

Length  of  Inductance 

L0 

60.5 

pm 

• • 

La 

3.0 

pm 

• • 

Ll 

4.6 

pm 

# * 

L2 

20.0 

pm 

• • 

L3 

4.8 

pm 

• • 

L4 

30.0 

pm 

• • 

L5 

4.6 

pm 

Thickness  of  upper  strip-line(Nb) 

tl 

0.2 

pm 

Thickness  of  lower  antenna(Nb) 

t2 

0.2 

pm 

Thickness  of  dielectric(Si02) 

h 

0.2 

pm 

Thickness  of  substrate(  A1203) 

D 

~ 500 

pm 

Table  1:  Design  parameters  of  a superconducting  direct  detector 
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Figure  11:  Mask  design  for  3x3  array 
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Abstract 

Results  of  beam  pattern  and  polarization  measurements  on  quasioptical  integrated 
lens  antennae  at  terahertz  frequencies  are  presented.  The  integrated  antenna  consists 
of  a planar  spiral  antenna  mounted  on  the  flat  surface  of  an  extended  hemispherical 
lens.  The  planar  antenna  used  is  an  equiangular  logarithmic  spiral,  which  comprises 

1.5  turns  with  a spiral  expansion  rate  of  3.2  per  turn.  The  RF  bandwidth  of  the 
antenna  is  designed  to  0.3-2. 5 THz.  We  have  investigated  the  optical  performance  of 
such  an  integrated  antenna  and  observed  that  the  polarization  is  changing  from  almost 
circular  at  frequencies  below  1.4  THz  to  elliptical  with  an  axial  ratio  equal  to  3 at  2.5 
THz.  The  beam  patterns  have  been  measured  up  to  2.5  THz  for  two  orthogonal 
polarization  directions  aligned  with  the  elliptical  polarization  axes.  The  main  lobes  are 
primarily  diffraction  limited  by  the  aperture  of  the  lens.  The  first  order  sidelobe  level 
equals  -16  dB  at  0.6  THz  and  increases  to  -8-12  dB  at  1.4  THz  and  -7-10  dB  at 

2.5  THz. 

Introduction 

Properties  of  the  receiver  antenna  play  a very  important  role  in  the  overall 
coupling  efficiency  of  the  detector  to  the  incoming  signal  and  have  to  be  carefully 
optimized.  In  the  millimeter  wave  region  the  best  antenna  performance  is  obtained 
with  the  waveguide  technology.  However  for  terahertz  frequencies  the  waveguide 
fabrication  becomes  difficult  and  costly,  while  its  losses  also  increase  with  frequency. 
An  alternative  approach  is  a quasioptical  planar  antenna  lens  combination  [1],  It  was 
theoretically  shown  that  the  best  coupling  to  the  incoming  Gaussian  beam  is  obtained 
when  the  planar  antenna  is  placed  on  the  backside  of  the  hyperhemispherical  lens  [2], 
However,  many  research  groups  developing  prototype  quasioptical  receivers  for  the 
submillimeter  wavelength  prefer  to  use  elliptical  lens  (EL)  instead.  This  is  because  the 
hyperhemispherical  lens  antenna  requires  a small  f-number  lens  in  front  of  the 
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receiver  causing  additional  loss  in  the  signal  path.  If  the  planar  antenna  is  placed  at 
the  distant  focus  of  the  EL,  the  Gaussian  beam  coupling  efficiency  is  about  10% 
worse  than  in  case  of  the  hyperhemispherical  lens,  but  the  resulting  beam  pattern  is 
very  narrow  since  it  is  diffraction  limited  by  the  aperture  of  the  lens.  The  system  is 
then  compatible  with  large  f-number  optics.  The  synthesized  elliptical  lens  (SEL), 
which  is  in  fact  an  extended  hemispherical  lens  with  an  extension  equal  to  0.39  the 
lens  radius  (in  case  of  Si),  has  been  shown  to  be  a good  approximation  of  the  EL  case 
[2].  The  calculated  Gaussicity  and  reflection  loss  at  the  lens-air  interface  for  the  SEL 
and  EL  are  basically  the  same.  The  difference  is  only  in  the  directivity,  which  is  larger 
with  the  EL,  but  the  sidelobe  level  is  slightly  higher  in  this  case  as  well. 

Different  types  of  planar  antennas  have  been  successfully  used  in  combination 
with  extended  hemispherical  and  EL.  Because  of  the  diffraction  limit,  the  far-field  of 
the  integrated  antenna  based  on  EL  or  SEL  is  primarily  determined  by  the  size  of  the 
lens.  So  the  main  difference  between  the  beam  patterns  of  various  antennae  are  the 
side-lobe  level  and  the  polarization.  It  has  been  demonstrated  that  double-slot 
antennas  have  superior  performance  in  case  both  low  side-lobe  level  and  cross- 
polarization  are  required.  The  first  sidelobe  level  of  the  twin  slot  antenna  EL 
combination  is  measured  between  -15  to  -18  dB  at  frequencies  up  to  1 THz  [3]  and 
-10  dB  at  2.5  THz  [4].  Recently  the  measurements  of  the  beam  pattern  have  been 
done  at  2.5  THz  also  with  the  spiral  antenna  SEL  combination  [6].  The  1-D  pattern  is 
obtained  with  the  symmetric  sidelobe  level  of  about  -8  dB.  However,  the  pattern  was 
measured  only  in  the  E-plane  of  the  source  and  no  results  on  the  polarization  were 
reported. 

It  is  beyond  discussion  that  receivers  designed  for  operation  at  a telescope  must 
have  the  best  possible  coupling  efficiency  to  the  single  mode  Gaussian  beam  and  have 
low  cross-polarization  level.  Thus  the  antenna  polarization,  beampattem  profile, 
sidelobe  level,  loss  etc.  play  a crucial  role  in  the  final  receiver  performance.  However, 
during  the  development  stage  of  a specific  type  of  mixer,  most  of  the  heterodyne 
measurements  in  the  laboratory  do  not  require  perfect  coupling  to  a Gaussian  beam 
and  beam  pattern,  side  lobe  and  polarization  characteristics  are  only  of  secondary 
importance.  For  instance,  to  determine  the  receiver  noise  temperature,  the  Y-factor 
technique  with  the  blackbody  loads  as  signal  sources  is  typically  used.  Since 
blackbodies  are  multi-modal  sources  all  components  of  the  receiver  beam  pattern, 
which  are  not  blocked  by  the  aperture  of  the  input  window  or  a beamsplitter,  will  be 
fully  coupled  to  the  signal.  So  for  mixer  development  purposes  broad  frequency 
antennae,  like  logarithmic  spirals,  are  frequently  used  given  die  advantage  of  multi- 
frequency measurements  at  one  and  the  same  mixer. 

In  this  paper  we  investigate  the  performance  of  an  integrated  antenna  system 
based  on  the  logarithmic  spiral  antenna  and  a SEL  for  frequencies  up  to  2.5  THz.  The 
device  is  a NbN  Hot  Electron  Bolometer  (HEB),  originally  designed  as  a mixer  for 
submillimeter  wavelength  [5],  Historically  a spiral  antenna  has  been  chosen  as  a 
receiving  antenna  for  the  HEB  mixer  development  due  to  its  wide  bandwidth.  The 
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spiral  antenna  belongs  to  a class  of  so-called  frequency  independent  antennas,  thus 
allowing  one  to  perform  all  tests  with  one  selected  device  in  a wide  spectral  range. 
This  was  an  important  issue  because  the  HEB  mixers  are  aimed  to  be  used  at  terahertz 
frequencies  and  thus  have  to  be  finally  tested  there.  At  frequencies  below  1 THz, 
however,  the  mixer  evaluation  and  optimization  in  the  laboratory  is  appreciably 
easier,  given  the  availability  of  stable  LO  sources,  like  Backward  Wave  Oscillators 
(BWOs)  or  Gunn-multiplier  chains.  In  addition,  some  of  the  measurements,  like  the 
intermediate  frequency  (IF)  roll-off  determination,  can  only  be  done  at  frequencies 
below  1 THz,  where  frequency  tunable  sources  are  available.  Above  1.5  THz 
frequency  only  a C02  pumped  far-infrared  (FIR)  laser  system  is  currently  an  option  to 
deliver  sufficient  amount  of  power.  This  only  allows  for  a limited  number  of  discrete 
lines  and  stability  is  more  difficult  obtained.  Obviously,  the  results  on  mixer  noise  and 
gain  variations  at  various  frequencies  give  additional  information  for  the  further 
analysis  and  better  understanding  of  the  device  physics. 

Antenna  design 

The  planar  antenna  is  an  equiangular  spiral  with  a 90°  arm  width  yielding  a self- 
complementary design.  This  implies  that  the  antenna  impedance  should  be  purely  real 
and  equal  to  75  Ohm  for  the  antenna  on  a Si  substrate  [7],  The  spiral  structure  of  the 
antennas  extends  1.5  turns  and  the  spiral  expansion  rate  is  3.2  per  turn.  A photo  of  the 
final  device  is  shown  in  the  Fig.  1. 

The  total  antenna  arm  length,  calculated  from  its  radii  and  the  expansion  rate,  is 
about  300  pm.  Setting  this  equal  to  a maximum  effective  wavelength  yields  a lower 
cutoff  frequency  for  the  antenna  of  300  GHz  in  free  space.  The  higher  cutoff 
frequency  of  the  antenna  is  defined  [8]  as  the  frequency  at  which  the  antenna 
polarization  changes  from  circular  to  elliptical  with  an  axial  ratio  of  2.  This  frequency 
depends  on  the  construction  precision  of  the  antenna  feed.  Since  the  spiral  arms 
naturally  converge  to  a point,  one  has  to  terminate  the  center  in  a tapered  section,  see 
Fig.  1.  According  to  [8]  the  cut-off  frequency  is  set  by  the  length  of  the  tapered 
section,  since  it  equals  about  half  the  cut-off  effective  wavelength.  This  length  is 
roughly  20  pm  for  the  spiral  used  in  this  paper,  setting  the  upper  frequency  limit  to 
2.2  THz.  The  axial  ratio  of  elliptical  polarization  increases  towards  higher  frequencies 
until  the  polarization  becomes  linear.  This  happens  when  the  tapered  section  is  equal 
to  the  effective  wavelength  and  the  antenna  starts  to  act  as  a dipole.  The  impedance 
and  the  beam  pattern  of  the  antenna  are  expected  to  have  wider  than  the  polarization 
bandwidth  so  that  the  antenna  can  still  work  efficiently  although  the  polarization  is 
not  circular. 

The  bolometer  is  located  between  the  antenna  arms,  as  shown  in  the  Fig.  1 . The 
chip  is  placed  on  the  backside  of  the  lens,  as  shown  in  Fig.  2.  The  lens  is  a SEL  with  a 
diameter  of  10  mm,  made  from  a high  resistivity  Si.  The  extension  length  (the 
distance  from  the  geometrical  center  of  the  sphere  to  the  antenna)  is  1.95  mm.  No 
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antireflection  coating  is  applied  yet  to  the  lens  curved  surface  to  reduce  the  reflection 
loss. 

Polarization 

The  polarization  of  the  antenna  has  been  measured  at  two  frequencies:  1.4  THz 
and  2.5  THz.  The  schematic  of  the  setup  is  shown  in  the  Fig.  3.  The  1.4  THz  source  is 
a Schottky  diode  based  tripler  fed  by  a 465  GHz  carcinotron.  For  the  2.5  THz  we  use 
a C02  pumped  far  infrared  (FIR)  ring  laser.  The  first  grid  is  used  to  define  the 
polarization  of  the  source  and  is  fixed.  The  two  other  grids  are  rotated  independently 
during  the  measurements,  each  by  180  degrees  in  steps  of  15  degrees.  The  RF  power 
is  modulated  with  a 35  Hz  mechanical  chopper.  The  HEB  is  biased  with  a constant 
voltage  source  and  the  current  change,  due  to  the  incident  power  modulation,  is 
monitored  by  a lock-in  amplifier.  The  bolometer  is  operated  in  a linear  regime,  which 
was  checked  beforehand  by  means  of  polarizing  grids  as  attenuators. 

The  experimental  data  were  compared  to  the  calculated  transmission  through  the 
system  of  three  grids  and  a modeled  coupling  to  the  antenna.  We  assumed  a general 
case  of  elliptical  polarization  of  the  antenna  with  the  axial  ratio  a.  a has  been  defined 
as  the  ratio  of  amplitudes  of  the  electrical  field  along  the  long  and  short  axis  of  the 
ellipse.  Thus  a=l  corresponds  to  the  circular  polarization  of  the  antenna,  whereas 
o=oo  to  the  linear  one.  The  second  parameter  in  the  calculations  is  angle  (p,  which  we 
define  as  the  angle  between  the  line  along  the  tapered  section  of  the  antenna  and  the 
long  axis  of  the  ellipse. 

The  polarization  was  found  to  be  elliptical  at  both  frequencies,  although  closer  to 
the  circular  at  1.4  THz  (a=1.3),  and  strongly  elliptical  at  2.5  THz,  with  a=3.  (p  equals 
about  -25  degrees.  This  means  that  the  long  axis  of  the  ellipse  is  25  degrees 
counterclockwise  from  the  direction  of  the  tapered  section  in  the  antenna  center,  as 
shown  in  Fig.  1. 

The  results  on  the  antenna  polarization  at  2.5  THz  disagrees  slightly  with  that 
reported  in  [8],  where  the  case  of  elliptical  polarization  of  the  spiral  antenna  with 
a=2  happens  at  a frequency  where  the  length  of  the  tapered  section  is  equal  to  the 
effective  half-wavelength.  In  our  case  the  length  of  the  tapered  portion  is  about  the 
half-wavelength  but  the  axial  ratio  is  3 instead  of  2.  This  is  an  indication  that  in  this 
case  the  center  part  of  the  antenna  has  a larger  influence  on  the  polarization. 

It  is  useful  to  compare  the  results  of  the  polarization  measurements  with  those 
reported  in  [9],  The  antenna  design  in  [9]  is  very  similar  to  the  one  we  use  here,  but 
all  the  dimensions  of  the  antenna,  including  the  size  of  the  tapered  section,  are  scaled 
down  by  a factor  of  3.  If  we  assume  that  just  the  size  of  the  tapered  section  is 
important,  and  basing  on  our  result  a=1.5  at  1.4  THz,  we  would  expect  to  have  a=1.5 
at  4.2  THz  with  the  3 times  smaller  antenna.  However,  the  authors  of  [8]  reported  the 
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larger  axial  ratio  of  1.7  already  at  2.5  THz  [10].  This  is  also  an  indication  of  the  fact 
that  a tends  to  increase  much  faster  with  frequency  than  one  could  expect  from  the 
antenna  geometry  alone.  We  do  not  have  a solid  explanation  for  this  yet.  One  of  the 
thinkable  reasons  is  an  increase  with  frequency  of  the  surface  resistance  of  Au 
forming  the  antenna  arms.  This  resistive  loss  may  cause  the  field  to  decay  faster  along 
the  antenna  arms  and  therefore  make  the  influence  of  the  antenna  center  larger.  The 
size  and  geometry  of  the  bolometer  in  the  antenna  center  as  well  as  a possible 
mismatch  between  them  are  obviously  also  very  important  and  could  modify  the 
radiation  properties  of  the  antenna. 

Beam  pattern  measurements 

Far-field  beam  pattern  measurements  have  been  done  at  three  frequencies: 
0.6  THz,  1.4  THz  and  2.5  THz  in  an  experimental  setup  similar  to  that  shown  in  the 
Fig.  3.  The  submillimeter  source  at  0.6  THz  is  a BWO.  The  dewar  is  placed  on  a 
rotation/tilt  table  to  allow  for  the  angular  measurements.  The  tilt  movement  will  be 
referred  to  as  the  vertical  scan  and  the  rotation  as  the  horizontal  scan.  The  angle 
resolution  of  the  system  is  0.1°.  The  integrated  antenna  is  located  in  the  center  of 
rotation.  The  measured  beam  pattern  of  the  antenna  is  therefore  expected  to  be 
independent  of  the  beam  pattern  of  the  signal  source.  There  are  no  focusing  elements 
between  the  signal  source  and  the  detector  and  the  distance  between  them  is 
70-100  cm.  By  using  two  grids,  the  polarization  of  the  incoming  signal  is  set  either 
vertical  or  horizontal.  The  antenna  is  positioned  in  the  dewar  in  such  a way  that  the 
direction  of  the  long  axis  of  the  polarization  ellipse  (see  Fig.  1)  is  close  to  vertical. 

Let  us  start  discussion  with  the  0.6  THz  measurements.  The  beam  pattern  profiles 
at  this  frequency  are  very  similar  for  both  polarizations  and  scans.  A typical  result  is 
shown  in  the  Fig.  4.  The  pattern  is  symmetric  with  the  first  sidelobe  level  of -16  dB.  It 
is  worth  noticing  that  this  is  close  to  the  theoretically  predicted  diffraction  pattern  and 
similar  to  the  patterns  measured  with  the  double  slot  or  double  dipole  antennas  at 
these  frequencies.  The  full  width  half  maximum  (FWHM)  is  3.47°. 

The  results  of  the  measurements  at  1.4  THz  are  shown  in  the  Fig.  5.  The  patterns 
are  still  pretty  symmetric  relative  to  the  boresight  but  noticeably  different  for  the 
horizontal  and  vertical  scans.  The  FWHM  is  1.7°  for  the  horizontal  scan  and  1.4°  for 
the  vertical  one.  There  is  no  big  influence  of  the  polarization  on  the  beamwidth  and 
side-lobe  positions  within  one  scan  direction  but  the  sidelobe  levels  are  polarization 
dependent. 

Similar  patterns  are  observed  at  2.5  THz,  see  Fig.  6.  The  FWHM  here  is  about  1° 
for  the  horizontal  scan  and  0.7°-0.9°  for  the  vertical.  We  have  also  made  a 2-D  scan  of 
the  antenna  pattern  at  2.5  THz  and  the  result  is  shown  in  the  Fig.  7. 

To  summarize  the  data,  we  established  that  the  width  of  the  main  lobe  scales  with 
the  frequency,  and  is  close  to  the  expected  diffraction  limit  of  the  lens  aperture.  The 
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asymmetric  beam  patterns  at  high  frequencies  for  the  different  scans  may  be  attributed 
to  the  variation  of  the  planar  antenna  pattern.  A significant  change  of  the  shape  and 
the  phase  of  the  antenna  pattern  may  also  explain  the  increase  of  the  sidelobe  level 
with  frequency.  However,  there  might  be  other  reasons  for  this  as  well.  For  instance,  a 
displacement  of  the  planar  antenna  has  a frequency  dependent  effect  on  the 
beampattem  of  the  integrated  antenna. 

Conclusions 

We  have  tested  the  integrated  lens  antenna,  a logarithmic  spiral  in  combination 
with  a SEL,  in  a wide  frequency  range  from  0.6  THz  to  2.5  THz  and  have  found  that 
the  polarization  is  changing  from  almost  circular  at  relatively  low  frequencies  to 
elliptical  with  an  axial  ratio  of  3 at  2.5  THz.  The  far-field  pattern  of  the  antenna  has 
been  measured.  The  sidelobe  level  increases  towards  higher  frequencies.  However, 
due  to  the  diffraction  limit  the  beam  pattern  becomes  narrower  at  higher  frequencies. 
The  total  width  of  the  main  lobe  and  the  first  sidelobes  is  about  4 degrees  at  2.5  THz. 
Since  most  of  the  power  is  contained  within  this  angle,  we  can  expect  that  this 
antenna  couples  efficiently  with  a multimode  source  and  is  a good  choice  for 
prototype  mixers  to  evaluate  in  the  laboratory. 
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Figure  1 . Micrograph  of  the  device.  The  antenna  is  a planar  spiral  made  from  Au.  The 
darker  area  is  Au.  The  HEB  bolometer  is  at  the  center  of  the  spiral  arms.  The  dotted 
line  shows  the  measured  direction  of  the  long  axis  of  the  polarization  ellipse. 


Figure  2.  Schematic  of  the  antenna  - lens  combination. 
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Figure  3.  Schematic  drawing  of  the  measurement  setup.  Three  submillimeter  sources 
are  used  for  the  measurement  of  polarization  and  far-field  beam  pattern,  i.e.  a BWO  at 
0.6  THz,  a carcinotron  + tripler  at  1.4  THz,  and  a C02  pumped  FIR  laser  at  2.5  THz. 
Only  the  laser  is  shown  here. 
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Figure  4.  The  measured  beam  pattern  of  the  integrated  antenna  at  0.6  THz.  Symbols 
are  the  measurement  points,  the  solid  line  is  a guide  for  eye. 
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Figure  5.  The  measured  beam  pattern  of  the  integrated  antenna  at  1.4  THz.  The 
horizontal  scan  (a)  is  done  by  rotating  the  dewar  around  the  vertical  axis,  and  the 
vertical  one  (b)  by  tilting  the  dewar.  The  measurements  are  done  for  two  orthogonal 
polarizations  of  the  signal.  When  the  polarization  is  vertical,  the  electrical  field 
coincides  with  the  direction  of  the  long  axis  of  the  ellipse. 
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Figure  6.  The  measured  beam  pattern  of  the  integrated  antenna  at  2.5  THz.  The 
horizontal  scan  (a)  is  done  by  rotating  the  dewar  around  the  vertical  axis,  and  the 
vertical  one  (b)  by  tilting  the  dewar.  The  measurements  are  done  for  two  orthogonal 
polarizations  of  the  signal.  When  the  polarization  is  vertical,  the  electrical  field 
coincides  with  the  direction  of  the  long  axis  of  the  ellipse. 
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Figure  7.  a)  2-D  scan  of  the  spiral  antenna  SEL  combination  at  2.5  THz.  The  relative 
response  is  in  dB;  b)  3-D  view  of  the  scan. 
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Abstract 

We  discuss  the  design  and  optimisation  of  a SIS  Single  Side  Band  (SSB)  mixer 
covering  the  275-370  GHz  frequency  band  for  astronomical  applications.  The  junction 
is  probe-coupled  to  the  full  height  waveguide.  An  adjustable  circular  noncontacting 
backshort  allows  SSB  tuning  in  either  USB  or  LSB  in  the  whole  RF  band.  A =30  % 
operating  bandwidth  can  be  achieved  by  using  parallel  inductive  tuning  of  the  junction 
capacitance.  The  calculated  SSB  receiver  noise  temperature  referred  to  the  mixer  input 
is  in  the  range  25-38  K. 

A stability  criterion  for  an  SSB  mixer  with  distinct  signal  and  image  termination 
impedances  under  typical  operating  conditions  is  derived.  We  show  that  when  an 
inductive  series  matching  structure  with  a two-stage  impedance  transformer  is  used  to 
compensate  the  junction  capacitance,  the  mixer  cannot  be  operated  over  a wide 
frequency  range  in  a stable  way.  An  inductive  parallel  matching  structure  with  a single- 
stage  transformer  allows  us  to  fulfill  the  necessary  conditions  of  stability. 

1 Introduction 

Radio  astronomical  spectroscopy  is  the  main  driver  for  the  development  of  low-noise 
heterodyne  receivers  in  the  mm  and  submm  range.  In  a practical  implementation  on  a 
telescope,  the  losses  associated  with  infrared  filtering,  local  oscillator  injection, 
telescope  spillover  and  atmospheric  attenuation  all  contribute  to  degrade  the  actual 
figure  of  merit  for  astronomical  spectroscopy:  SSB  system  noise  temperature. 
Referring  the  system  noise  to  the  mixer  input,  it  can  be  expressed  in  a simplified  form 
as: 


Tsss  =Gs-'-  (Toui  + TIF)  + (l  + Gl/Gs)Tm  ( 1 ) 

where  Gs  and  G,  are  the  coupled  mixer  gain  in  the  signal  and  image  band,  Tou,  is  the 
mixer  noise  temperature  referred  to  its  output,  T,F  is  the  noise  temperature  of  the  IF 
amplifier  and  Tin is  the  input  noise  temperature  including  noise  contributions  from 
optics,  spillover  and  sky.  For  a typical  ground-based  receiver,  the  second  term  is  often 
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dominating  the  sum.  Its  impact  can  be  minimized  by  realizing  an  SSB  mixer.  Another 
requirement  is  to  cover  the  atmospheric  transmission  windows  with  a minimum 
number  of  distinct  receivers;  this  is  a driver  for  a wide  tuning  range  of  the  mixer  (and 
of  the  LO  system).  A third  requirement  is  for  stable  operation  to  be  achieved  without 
critical  tuning.  Accordingly,  our  three  main  goals  in  the  present  work  are:  single 
sideband  operation,  wide  RF  tuning  range,  low  noise  and  stable  operation. 

2 Full  height  waveguide  to  microstrip  transition 

The  275-370  GHz  mixer  waveguide  (0.76  x 0.38  mm2)  supports  single  TEi0  mode 
operation  from  197  GHz  to  394  GHz.  To  achieve  a good  match  over  the  desired 
frequency  band  it  is  imperative  that  a probe  impedance  Zam(v)  is  selected  which  can 
easily  be  tuned  over  the  entire  frequency  range.  A waveguide  whose  height  is  reduced 
relative  to  the  normal  b/a  ratio  is  often  used  in  SIS  mixers  to  help  achieve  the 
impedance  match  between  the  waveguide  and  the  junction.  We  found  desirable  to  use  a 
full-height  waveguide  (b/a=l/2)  for  two  reasons  : i)  lower  losses ; ii)  easier  transition 
to  the  circular  section  used  for  the  backshort  described  in  a later  section. 

Yassin  and  Withington  [1]  give  analytical  results  for  a transition  from  a full  height 
waveguide  to  a TEM  port,  that  achieves  a very  good  match  to  a real,  low  impedance 
(20-50  Q)  over  a full  waveguide  band,  making  it  well  suited  for  an  SIS  mixer.  We  used 
their  results  as  a starting  point  for  an  optimization  of  the  actual  configuration,  where 
the  probe  feeds  a microstrip  line,  itself  running  atop  a base  metallization  patterned  as  a 
choke  to  provide  a virtual  short  at  the  waveguide  entrance.  The  electromagnetic 
simulations,  using  the  FDTD  package  Microwave  Studio  from  CST  [2],  take  into 
account  the  presence  of  the  quartz  substrate,  the  microstrip  channel,  and  the  first  two 
sections  of  the  suspended  microstrip  choke. 

We  adopted  a substrate  250  pm  wide,  80  |im  thick,  with  100  pm  air  below,  and  50  pm 
air  above.  The  placement  of  the  probe  perpendicular  to  the  waveguide's  E-plane  (see 
Figs.  1,  3)  allows  to  decouple  the  first  non-TEM  propagation  mode  of  the  suspended 
stripline,  which  otherwise  would  have  required  to  decrease  the  substrate  width  to 
reject  its  cutoff  above  the  operating  frequency  range,  and  resulted  in  a more  delicate 
fabrication.  The  driving-point  impedance  at  the  base  of  the  antenna,  versus  frequency 
(or  versus  backshort  position)  periodically  returns  through  a fixed  impedance  Zc, 
whose  real  and  imaginary  parts  can  be  controlled  by  the  probe  angle  and  length, 
respectively  (see  Fig.l).  Adopting  L = 200  pm  and  a = 90°  results  in  Zc  = 75  Q.  We 
find  that  a better  broadband  match  can  be  obtained  when  the  quartz  substrate  does  not 
extend  across  the  full  width  of  the  waveguide. 

3 Circular  non-contacting  backshort 

A mechanically  rugged,  noncontacting  circular  backshort  has  been  adopted.  Its  role  is 
to  provide  simultaneously  a good  match  and  a high  mismatch  at,  respectively,  the 
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Fig.  1:  Geometry  of  the  probe  transition 
from  full-height  waveguide  to  microstrip . 


Fig.  2 : Amplitude  of  the  transmission 

coefficient  of  six  sections  'Hammer"  type  and 
normal  type  filter  as  a function  of  frequency. 


signal  and  image  frequencies;  see  sections  5 and  6 for  a more  complete  discussion.  It  is 
located  inside  a circular  waveguide  of  880  |im  diameter,  and  comprises  4 sections 
(Fig.  3).  It  has  been  optimized  to  provide  a reflection  coefficient  better  than  -0.1  dB 
across  the  operating  band,  taking  into  account  imperfect  contact  of  the  rear  part  and  a 
possible  radial  misalignment  of  10  pm.  For  a given  frequency  range,  the  fabrication  of 
a non-contacting  backshort  is  easier  in  a circular  (lathe)  than  in  a rectangular  (milling 
machine)  waveguide,  especially  if  the  latter  has  reduced  height.  A conical  transition 
between  the  rectangular  and  circular  waveguide  sections  ensures  that  the  reflected 
amplitude  is  dominated  by  the  backshort  itself,  and  ensures  a regular  tuning  curve  (see 
Fig.  7). 

4 RF  Filter 

The  base  metallization  on  the  quartz  substrate  is  patterned  into  a six-section  low-pass 
filter  whose  role  is  to  provide  a virtual  short  to  the  mixer  block  at  the  waveguide  wall, 
and  to  reject  the  propagation  of  RF  energy  in  the  substrate  channel.  We  found  that  a 
"hammer"  type  structure  (visible  on  Figs  3 and  8)  provides  a superior  rejection 
compared  to  the  more  common  rectangular  quarter-wave  sections  (see  Fig.  2).  A 
rectangular  shape  is  kept  for  the  first  section  to  provide  the  space  required  for  the 
microstrip  tuning  structures  (section  7). 

5 SSB  Tuning 

We  start  this  section  with  an  approximate,  analytical  discussion  of  SSB  tuning.  The 
principle  of  SSB  operation  is  to  locate  the  backshort  so  that  its  impedance  in  the  plane 
of  the  waveguide  to  microstrip  transition  is  an  open  at  the  signal  frequency,  and  a short 
at  the  image  frequency,  which  results  in  the  junction  being  isolated  from  the  mixer 
input  and  seeing  a reactive  termination  at  that  frequency.  Disregarding  the  fact  that  the 
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waveguide  is  non-uniform  between  the  probe  and  the  backshort,  the  shortest  backshort 
distance  that  achieves  that  condition  is  such  that: 


^ = 2"VV/)  Wd  lbs  ~ 2("+2)A«(V")  (2) 


where  we  have  assumed  that  the  lower  sideband  is  the  image,  and  the  upper  sideband 
the  signal.  These  two  equations  can  be  combined: 


4 {Xg  (vJ-^V,)) 


VLO) 


(3) 


This  simple  equation  gives,  for  Vlo  = 300  GHz  and  Vjf  = 6 GHz,  lbs  - 4.6  mm.  We  now 
discuss  more  detailed  results  from  FDTD  electromagnetic  modeling.  Figure  4 shows 
the  driving  point  impedance  Zp(v)  of  the  probe,  in  the  range  275-370  GHz,  for  a 
backshort  distance  from  the  probe  * 8 mm.  Zp  describes  a circle,  that  slowly  sweeps 
around  the  Smith  chart.  At  periodic  intervals,  ZP  passes  through  a fixed  point  of  real 
impedance  Zc  = 75  Q,  for  which  the  probe  was  optimized,  and,  halfway  through  each 
rotation,  ZP  touches  the  circle  T = 1 . For  a different  value  of  L,  the  rate  of  rotation, 
and  the  total  number  of  loops  between  275-370  GHz,  would  be  different,  but  the 
general  region  swept  in  the  Smith  chart  would  remain  the  same. 

At  this  point,  one  might  believe  that  all  is  needed  is  a suitable  circuit  to  match  the 
junction  to  Zc,  a problem  for  which  several  solutions  are  well  known.  We  must, 
however,  pay  attention  to  the  stability  of  the  mixer  operating  in  the  SSB  mode,  which 
will  be  addressed  in  the  two  next  sections. 


IF  Output  feed-hom 

Fig.  3 : Full  height  waveguide  SSB  mixer.  The 
circular  section  backshort  is  used  for  image 
rejection. 


Frequency  275  to  370  GHz 


Fig . 4 : Driving  point  impedance  of  the  probe 
for  the  mixer  geometry  shown  in  Figs.  3 and 
8 : The  circular  backshort  is  located  at  a 
distance  lbs=8mm  away  from  the  antenna 
plane . The  Smith  chart  is  normalised  to 
50  a 
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6 Stability  of  SSB  Mixer 

In  this  section,  we  use  Tuckers  theory  of  quantum  mixing  [3]  to  derive  a stability 
criterion  for  a SSB  mixer  operating  in  the  275-370  GHz  range.  We  use  the  three-port 
approximation,  treating  only  signals  at  vm  = v^q +mVjF,m  = 0,il  and  assuming 

higher  harmonics  to  be  shorted  out  by  the  junction  capacitance.  The  geometry  of  the 
waveguide  mount  and  the  tuning  circuit  (including  the  junction's  geometric 
capacitance)  define  the  admittances  seen  by  the  junction  at  the  three  frequencies  \m  . 

Note  that  in  the  present  case,  7_,  * Y* . The  dimensionless  LO  amplitude  a defines 
the  conversion  matrix  Ymn,  m,n  = 0,±1 ; we  use  the  results  and  notations  of  Tucker  and 

Feldman  [4].  From  these  one  can  compute  the  augmented  Y matrix  and  its  inverse  Z. 
The  output  IF  admittance  of  the  mixer  is  given  by: 

Yi F = Zoo  ~ Y0  (4) 

It  is  physically  clear  (although  slightly  less  obvious  from  the  algebra)  that  YIF  is 
independent  of  70 , and  represents  the  IF  output  impedance  of  the  mixer,  when  the  RF 
ports  are  terminated  at  definite  impedances,  and  for  a given  LO  pumping  level. 

For  a purely  DSB  mixer  (7_,  = if),  including  the  case  of  zero  IF,  YIF  is  real  and 
equal  to  the  slope  of  the  pumped  I-V  curve.  These  two  conditions  do  not  hold  any 
more  in  the  general  case  [5].  The  stability  condition  when  the  mixer's  IF  output  is 
connected  to  a load  Tq  can  be  written:  Re(  Y jF ) + Re(  Iq  ) > 0 . For  the  mixer  to  be 
stable  for  an  arbitrary  passive  load,  we  require:  Re(7/F)>  0.  The  optimum  operating 
conditions  for  a SSB  mixer  have  been  discussed  by  L.R.  D'Addario  [6],  In  the  present 
work,  we  have  restricted  the  parameter  space  by  assuming  that  the  bias  voltage  is  at 
the  middle  of  the  first  photon  step,  VDC  =Vg-hvLO/  2e,  and  that  the  normalized 

pump  voltage  is  unity:  a = eVFO  / hv LO  = \ such  parameters  usually  result  in  near- 
optimum noise  performance.  Moreover,  we  have  assumed  Zs  to  match  the  normal- 
state  resistance  of  the  junction  R„,  Zs=Rn,  and  Z,  to  be  purely  reactive  (Zi  = j-X  with  X 
arbitrary  reactance)  which  implies  that  the  image  band  is  completely  rejected.  Using  an 
analytic  fit  to  the  I-V  curve  at  4.2  K of  a good  quality  junction,  we  have  used  a three- 
frequency  approximation  to  the  quantum  theory  of  mixing  to  constrain  the  Zi  values 
necessary  to  ensure  Re[Yip]  > 0.  We  find  that  the  lowest  frequency  in  the  range,  275 
GHz,  constrains  the  limits  of  the  "stability  region" : 

- 3.27  < < + 0.12  (5) 

JRn 

The  stability  region  derived  in  eq.  (5)  is  plotted  in  Figs.  5 and  6 in  a Smith  chart 
normalised  to  Rn. 
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7 RF  Matching  Circuit 

The  1 |im2  Nb/Al-AIOx/Nb  junction  has  a critical  current  density  of  the  order  of  10 
kA/cm2  and  a normal-state  resistance  Rn  = 25  £2  [7].  It  has  been  realised  by  e-beam 
lithography.  The  small-signal  impedance  of  the  tunnel  barrier  Rgp  =C?jj  is,  at  the 
center  frequency  of  320GHz,  Rpp  ~ 0.72 ~ 1 8£2 . The  parallel  combination  of  Rpp 
and  the  junction  capacitance,  estimated  to  be  75  fF  (oa/?C  = 2.7  ),  must  be  matched,  at 
the  signal  frequency,  to  the  impedance  of  the  waveguide  probe.  Two  of  the  most 
common  means  to  achieve  this  are  series  inductive  tuning  (end-loaded  stub)  and 
parallel  inductive  tuning. 

In  the  rest  of  this  section,  we  first  show  that  a matching  circuit  comprising  an  end- 
loaded  stub  and  a two-section  quarter  wave  transformer  does  not  allow  to  meet  the 
criterion  for  stable  SSB  operation;  then  we  discuss  the  results  obtained  with  parallel 
inductive  tuning. 


7.1  End-loaded  stub  with  two-section  transformer 

Impedance  matching  by  an  end-loaded  stub  has  been  discussed  by  several  authors  [8], 
The  end-loaded  stub  puts  a small  section  transmission  line  in  series  with  the  junction. 
This  results  in  the  transformation  of  the  complex  junction  impedance  to  a purely  real 
impedance 


Rc  = 


RJ 


2 (pRjC} 


= 1.2  £2 


(6) 


Matching  such  a relatively  low  Rs  value  to  the  75  £2  antenna  probe  requires  a two- 
section  quarter-wave  Chebyshev  transformer.  All  transmission  lines  are  implemented  in 
superconducting  microstrips  with  their  lines  and  ground  planes  made  of  Nb  (120  nm 
and  430  nm  respectively)  separated  by  a 200  nm  thick  insulating  layer  of  Si02  (£r  s 
4.3).  The  widths  and  lengths  of  the  transmission  lines  have  been  optimised  for 
maximum  coupling  of  the  RF  junction  resistance  to  the  antenna  probe  in  the  275-370 
GHz  frequency  range  using  a commercial  software  (HP-EEsof  Series  IV  EEsof, 
Libra-Touchstone),  with  appropriate  corrections  for  field  penetration. 

The  Smith  chart  (Fig.  5)  shows  the  embedding  impedance  Zc^v)  in  the  275-370 
GHz  frequency  band  for  a backshort  position  1**  = 8 mm  (increased  for  clarity)  away 
from  the  antenna  plane.  At  alternate  frequencies,  the  junction  sees  a match  and  a 
reactive  mismatch,  respectively,  as  required  for  SSB  operation.  However,  the  reactive 
termination  at  the  image  frequency  lies,  in  some  cases,  in  the  region  of  instability;  this 
is  due  to  the  phase  dispersion  caused  by  the  two  quarter-wave  sections  of  the 
transformer.  This  matching  circuit  must  be  rejected. 
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Fig . 5 : Series  inductive  tuning  with  two- 
section  X/4  transformer.  Impedance  seen  by 
the  junction.  Note  that  the  reactive 
termination  used  for  image  rejection  lies,  in 
some  cases,  in  the  " unstable " region . The 
Smith  chart  is  normalised  to  Zs=Rn 


1 0 


Fig.  6:  Parallel  inductive  tuning  with  single- 
section X/4  transformer.  Impedance  seen  by 
the  junction.  The  reactive  termination  used 
for  image  rejection  is  always  within  the 
"stable"  region.  Here  the  backshort  distance 
is  4.2  mm,  appropriate  for  USB  operation  at 
320  GHz. 


7.2  Parallel  inductive  tuning  with  single-section  transformer 

A better  control  of  this  impedance  is  obtained  by  using  a lower  value  for  the  electrical 
length  between  the  antenna  probe  and  the  junction.  This  is  achieved  by  adopting  a 
parallel  inductive  tuning.  The  required  transformation  ratio  is  smaller  and  can  be 
achieved  with  a single  section  X/4  transformer.  The  layout  of  the  mixer  chip  is 
illustrated  in  Fig.  8.  The  parallel  inductive  tuning  is  achieved  with  a short  (=A/8)  length 
of  microstrip,  terminated  to  a virtual  ground  provided  by  a radial  stub  (opening  angle 
130°).  We  found,  using  simulations  [9],  that,  with  respect  to  the  conflicting 
requirements  of  lowest  impedance  at  the  apex  on  one  hand,  and  minimum  capacitive 
loading  of  the  IF  on  the  other  hand,  a radial  stub  offers  no  clear  advantage  over  a X/4 
low-impedance  rectangular  stub.  The  parallel  tuned  junction  presents,  at  the  centre  of 
the  RF  band,  a real  impedance  R, « 1 8 £2  as  discussed  above.  This  is  matched  to  the  = 
75  £2  driving  point  impedance  of  the  probe  by  a X/4  line  with  an  impedance  ZL  ==  35  Q. 
This  falls  between  the  impedances  that  can  be  realised  in,  respectively,  microstrip  and 
coplanar  superconductive  lines.  We  have  realised  this  X/4  section  in  Capacitively 
Loaded  CoPlanar  Waveguide  (CLCPW),  consisting  of  3 sections  of  microstrip  and  2 
sections  of  coplanar  lines. 

The  lengths  of  the  individual  sections  were  optimised,  taking  into  account  the  actual 
impedances  across  the  RF  band  of  the  inductively  tuned  junction  and  of  the  probe, 
while  ensuring  at  the  same  time  that  the  stability  criterion  for  SSB  operation  was  met. 
Sonnet  ent  was  used  to  compute  de-embedded  S-parameters  for  the  microstrip- 
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270  290  310  330  350  370 


Frequency  275  to  370  GHz 

Fig . 7 Amplitude  of  the  reflection  coefficient 
\SJI(v)\  seen  by  the  junction. 


To  the  IF 
matching  circuit 


Inductive  SIS 
line  junction 


Fig.  8:  Quartz  substrate  used  for  the 

mounting  of  the  SIS  junction  and  the 
integrated  tuning  structure 


coplanar  discontinuities,  which  were  used  in  the  Libra  simulation  of  the  global  circuit. 
The  final  result  of  the  optimisation  is  shown  in  Figs.  6 and  7. 


8 Junction  bias  and  IF  Matching  Circuit 

To  bias  the  junction  and  provide  a path  for  the  IF  signal,  a narrow  microstrip  line  (3 
p,m)  is  connected  to  the  external  part  of  the  radial  stub  as  shown  in  Fig.  8 using 
alternate  X/4  sections  to  reject  RF  leakage. 


9 Modelling  results:  Gain  and  mixer  noise  temperature 

Using  the  standard  quantum  theory  of  mixing  in  the  three-port  approximation,  we  have 
computed  the  coupled  mixer  gain,  the  image  band  rejection,  the  SSB  mixer  noise 
temperature  and  the  SSB  receiver  noise  temperature  of  our  designed  system.  We 
assumed  a noise  temperature  of  the  IF  amplifier  Tif=6K  . We  also  assumed  a bias 
voltage  at  the  half  of  the  first  photon  step  and  a LO  pumping  power  such  that  a=l. 
The  receiver  has  been  optimised  for  SSB  operations  by  tuning  the  backshort  distance 
from  the  antenna  plane  ks  to  allow  operations  with  low  Gi/Gs  in  either  USB  or  LSB  at 
each  frequency  in  the  RF  band.  Fig.  9 shows  the  estimated  SSB  mixer  noise 
temperature  Tm  and  the  coupled  signal  mixer  gain  Gs.  This  result  shows  that  the  mixer 
can  operate  with  low  mixer  noise  temperature  and  reasonable  signal  conversion  gain. 
Fig.  10  shows  the  calculated  SSB  receiver  noise  temperature  and  the  backshort  to 
antenna  plane  distance  lbs  expressed  in  mm  required  for  the  SSB  tuning.  We  can  see 
that  a worst-case  Tra  « 38  K (=  2.4  h-v/k)  occurs  at  330  GHz.  The  result  shown  in 
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Frequency  [GHz] 


Fig.  9:  Calculated  SSB  mixer  noise 

temperature  and  coupled  mixer  gain  in  the 
signal  band  Gs  (linear  scale)  in  the  275-370 
GHz  frequency  band. 


Fig.  JO:  Calculated  SSB  receiver  noise 
temperature  Trec  and  backshort  in  the  275- 
370  GHz  frequency  band \ in  LSB  (L)  or  USB 
(U). 


Fig.  10  indicates  that  a SSB  receiver  noise  temperature  as  low  as  = 2+3  times  the 
quantum  limit  hv/k  might  be  achieved  over  the  whole  275-370  GHz  frequency  band. 


10  Mixer  block  construction 


The  main  mixer  block  is  split  in  two  parts, 
which  are  machined  in  brass.  The  mixer 
block  includes  magnetic  field 
concentrators  for  the  suppression  of  the 
Josephson  current.  The  whole  device  is 
illustrated  in  Fig.  1 1 . Here  the  two  main 
parts  of  the  mixer  are  shown  together  with 
the  circular  section  backshort  and  the 
shielded  microstrip  used  as  IF  matching 
transformer.  The  main  mixer  block  has 
external  dimensions  25  x 20  x 25  mm3. 
One  part  of  the  mixer  includes  the  circular 
waveguide,  housing  the  backshort,  the 
conical  transition  circular  to  rectangular 
waveguide  and  a short  section  of 
rectangular  waveguide.  This  part  of  the 
mixer  is  used  for  SIS  junction  mounting. 
The  other  part  of  the  main  block  includes 
a 10  mm  long  rectangular  waveguide  which  has  been  realised  by  spark  erosion 
technique.  The  other  parts  of  the  block  have  been  micromachined  in  a standard  way. 

11  Conclusions 

A new  type  of  SIS  heterodyne  quasi-particle  mixer  has  been  designed  for  the  275-370 
GHz  band.  The  mixer  employs  a tuned  junction  mounted  in  a lull  height  waveguide 
block  and  a circular  section  backshort  used  for  SSB  operations.  The  RF  matching 
network  consists  of  an  open-ended  stub  including  a radial  stub  and  an  inductive 
microstrip  line.  The  mixer  and  its  external  circuit  have  been  optimised  to  give  wide  RF 


IF  matrhinn 


Main  mtxar 
block 


Fig.  11:  Mixer  block  configuration : the  two 
main  parts  of  the  mixer  used  for  the  SIS 
junction  mounting  are  shown  together  with 
the  circular  section  backshort  and  the 
shielded  microstrip  used  as  IF  matching 
transformer. 
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bandwidth,  low  mixer  noise  temperature  and  high  gain.  SSB  mixer  noise  temperatures 
in  the  range  16-25  K are  expected  in  the  RF  band  with  a mixer  conversion  gain  better 
than  -4.0  dB.  SSB  receiver  noise  temperatures  are  in  the  range  25-38  K in  the  same 
frequency  band. 
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Abstract:  The  SMART  (Sub-Mm-ARray- Taiwan)  is  an  expansion  project  of  S AO’s  SMA 
project.  A 600-720  GHz  SIS  mixer  for  this  project  is  under  development.  The  SIS  mixer  is 
incorporated  with  a fixed-tuned  waveguide  mixer  mount,  which  was  originally  designed 
by  the  receiver  team  at  SAO,  and  a twin-junction  (in  parallel)  tuning  circuit.  Individual  Nb 
junctions  have  an  area  of  1.2x1. 2pm2  and  a critical  current  density  of  lOkA/cm2.  Detailed 
simulation  and  experimental  results  are  presented  in  this  paper. 

1.  Introduction 

The  submillimeter-wave  array  (SMA)  is  a unique  eight-element  interferometer  array, 
sited  on  Mauna  Kea  m Hawaii,  being  jointly  developed  by  the  Smithsonian  Astrophysical 
Observatory  (SAO)  and  the  Academia  Sinica  Institute  of  Astronomy  & Astrophysics 
(ASIAA)  [1],  The  array  will  cover  a frequency  range  of  176-900  GHz,  in  which  the 
600-720  GHz  band  will  be  the  first  submillimeter  band  to  operate.  As  it  is  well  known,  this 
frequency  band  is  located  just  around  the  gap  frequency  of  Nb  SIS  junctions.  The 
performance  of  Nb  SIS  mixers  is  well  close  to  3 hvlk  below  the  junction’s  gap  frequency, 
but  can  be  further  improved  beyond  that  frequency.  Developing  good  performance  SIS 
mixers  at  submillimeter  wavelengths  is  of  particular  interest  for  ground-based 
observational  facilities  because  of  large  atmospheric  attenuation. 


2.  SIS  Mixer  Design 

Submillimeter-wave  SIS  mixers  usually  adopt  SIS  junctions  in  association  with  an 
integrated  tuning  circuit  (an  inductive  thin-film  superconducting  microstrip  line  in  general), 
which  tunes  out  the  junction’s  geometric  capacitance.  The  surface  resistance  of 
superconducting  films  becomes  considerable  beyond  the  junction’s  gap  frequency  (~670 
GHz  for  Nb  junctions),  due  to  Cooper-pair  breaking  by  energetic  photons.  Hence  it  might 
be  better  to  develop  the  600-720  GHz  SIS  mixer  using  either  junctions  of  a higher  gap 
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frequency  [2]  or  Nb  junctions  incorporated  with  tuning  films  of  smaller  surface  impedance 
(e.g.,  NbTiN/Al  combination  [3]),  as  far  as  the  loss  effect  of  superconducting  films  is 
concerned.  All  Nb  junctions  were  indeed  chosen  for  the  first  phase  development,  as  the 
Nb-junction  fabrication  process  is  much  mature  in  our  labs.  The  mixer  mount  adopted  for 
this  development  is  the  same  as  that  by  the  receiver  group  at  SAO  [4], 

Using  all  Nb  junctions  to  develop  a good  performance  SIS  mixer  for  600-720  GHz,  we 
need  to  understand  two  points.  One  is  how  large  the  effect  of  the  Nb  thin-film  loss  on  the 
mixer  performance  is,  and  the  other  is  if  the  thin-film  loss  has  similar  impact  for  different 
junction  tuning  circuits. 

2a.  Loss  effect  for  Nb  thin-film  microstrips 

Let  us  consider  a superconducting  microstrip  line  of  conductor  width  w and 
insulation-layer  thickness  h.  The  distributed  parameters  of  the  microstrip  line,  surface 
resistance  R,  inductance  L,  and  capacitance  C per  unit  length  are  given  by 


«=  — Re(Zt)  (W  length) 

Kw 

(1) 

l = + m(Zs)i  j(Q  (H 1 length) 

(2) 

Kw  Kw 

C _ £r£o (f1  / length  ) 
h 

(3) 

where  K is  a fringe  field  factor  [5]  and  Zs  is 

the  film’s  surface  impedance,  which  can  be 

calculated  by  Mattis-Bardeen  theory  [6]. 
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Fig.  1 Attenuation  constant  vs.  substrate  thickness. 


The  attenuation  constant  of  Nb-based  superconducting  microstrip  lines  was  studied  for 
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different  insulation-layer  thicknesses  and  conductor  widths.  The  insulation  layer  in  this 
case  was  assumed  simply  as  one  single  Si02  layer.  The  calculation  was  done  at  700  GHz 
for  three  examples  of  the  real  surface  impedance  Re(Zs)  equal  to  0.1,  0.2,  and  0.3  £2.  It  has 
been  demonstrated  that  as  plotted  in  Fig.  1,  the  attenuation  constant  is  almost  independent 
of  the  microstrip  width,  but  decreases  with  the  increase  of  the  insulation-layer  thickness 
(nearly  saturated  at  a certain  thickness). 

2b.  Twin  junctions  vs.  end-loaded  SIS 

Two  junction  tuning  circuits  (refer  to  the  insets  in  Fig.  2)  were  investigated  to  evaluate 
the  effect  of  lossy  thin-film  microstrip  lines  on  the  performance  of  SIS  mixers.  One  tuning 
circuit  is  commonly  referred  as  the  end-loaded  type  [7],  while  the  other  is  parallelly 
connected  twin  junctions  [8] . A quarter-wavelength  impedance  transformer  was  assumed 
in  front  of  both  tuning  circuits  to  match  a 35-£2  source  impedance  (i.e.,  the  feed-point 
impedance  of  the  mixer  mount).  The  thin-film  microstrip  lines  for  the  tuning  inductance 
and  impedance  transformer  were  made  up  of  two  Nb  films  (0.6-p.m  thick  for  the  wiring 
layer  and  0.2-pm  thick  for  the  ground  layer,  assuming  each  an  0.1  -Q  surface  resistance) 
and  a combined  insulation  layer  as  Al203/Si02/Nb205  (0.09/0.27/0.1  pm  thick,  $.=9/4/29). 


Fig.  2 Differences  of  the  noise  temperature  and  conversion  gain 
as  a function  of junction ’s  (oRnCj  product. 


The  mixing  performance  (i.e.,  noise  temperature  and  conversion  gain)  was  simulated  at 
700  GHz  for  both  tuning  circuits.  The  junction’s  coRnCj  (with  R„  fixed  at  13.6  £2)  product 
was  varied  from  one  to  eight  for  this  simulation.  Notice  that  after  changing  the 
junction  s coR„Cj  product  we  re-optimized  the  impedance-transformer  width  and  the 
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tuning-inductance  length  (indeed  only  the  latter  for  the  twin-junction  case).  Another 
simulation  was  done  for  the  case  of  the  thin-film  microstrip  lines  without  any  losses  for 
comparison.  Fig.  2 demonstrates  the  noise  temperature  and  conversion  gain  differences 
between  the  two  simulated  instances.  Obviously,  both  the  noise  temperature  and  the 
conversion  gain  degrade  while  taking  account  of  the  film  loss.  Such  performance 
deterioration  is  more  evident  for  larger  junction’s  ooR„Cj  product.  It  is  interesting  that  for 
the  end-loaded  tuning  circuit,  the  performance  deterioration  is  rather  sharp  in  comparison 
to  the  twin-junction  circuit.  We  had  found  it  was  indeed  caused  by  the  transformer  in  the 
end-loaded  tuning  circuit,  which  has  a larger  impedance  transforming  ratio.  It  is  also 
apparent  that  for  both  tuning  circuits  the  conversion-gain  difference  is  much  larger  than  the 
total  transmission  loss  of  the  thin-film  microstrip  lines  (~1.6  dB  per  153  |xm).  Lossy 
terminations  at  other  frequency  sidebands  might  contribute  partly,  as  this  difference 
depends  strongly  on  the  junction’s  ccR„Cj  product. 
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Fig.  3 Simulated  Mixer  performance  for  the  670-GHz  SIS  Mixer.  Subcript  m and  m,l 
denote  the  mixer  performance  without  and  with  the  film  loss  taken  into  account,  while 
subscript  rx,l  the  receiver  performance  with  the  film  loss. 

2c.  Simulated  mixer  performance 

The  twin-junction  tuning  circuit  was  adopted  for  the  development  of  the  600-720  GHz 
SIS  mixer,  as  it  is  less  sensitive  to  the  superconducting  film  loss  than  the  end-loaded  tuning 
circuit  according  to  our  simulation  results.  The  junction’s  critical  current  density  and  area 
were  taken  as  10  kA/cm2  and  1.2x1. 2 pm,  respectively.  Correspondingly,  the  normal  state 
resistance  for  individual  junctions  is  13.6  Q and  the  junction’s  coR„Cj  product  is  equal  to 
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6.9  at  660  GHz  by  assuming  a specific  capacitance  of  85  fF/pm2.  A quarter-wavelength 
impedance  transformer,  which  has  a width  of  3.8  pm  and  a length  of  40  pm,  was  utilized  to 
match  the  twin  junctions  (of  an  input  impedance  equal  to  6.8  £2  approximately)  with  the 
feed-point  impedance  of  the  mixer  mount  (~35  £2).  The  tuning  inductance  between  the 
twin  junctions  was  optimized  for  the  mixer  performance  by  taking  account  of  the  loss 
effect  of  the  superconducting  films.  Its  width  and  length  were  found  to  be  6 pm  and  8.4  pm, 
respectively.  Fig.  3 exhibits  the  simulated  mixer  performance.  Obviously,  the  receiver 
noise  temperature  (SSB)  is  less  than  120  K in  the  frequency  range  of  600-720  GHz,  with  an 
assumption  of  15-K  IF  noise  temperature.  It  should  be  pointed  out  that  the  junction-chip 
structure  was  based  on  the  fabrication  process  at  Nobeyama  Radio  Observatory  (NRO,  as 
given  in  Section  2b). 


3.  Mixer  Mount  Simulation 

The  feed-point  (refer  to  Fig.  4)  impedance  of  the  660-GHz  mixer  mount  was  initially 
assumed  to  be  35  £2  (according  to  a scale  model  measurement  [4])  for  the  mixer  design. 
With  the  help  of  the  Ansoft’s  HFSS  simulator  [9],  we  have  calculated  the  feed-point 
impedance  of  the  actual  mixer  structure  including  both  choke  filters  on  the  IF  and  ground 
sides.  The  feed  point  was  taken  as  a lumped  gap  source  port  (10.56pm  x 2.0pm,  «X/10), 
while  the  waveguide  and  IF  ports  were  the  other  two  ports  for  simulation.  All  the  structural 
parameters  used  here  followed  the  original  SAO  design  [4],  As  plotted  in  Fig.  5a,  the 
calculated  resistance  is  well  close  to  35  £2,  while  the  reactance  is  around  -30  £2. 


Fig.  4 Photograph  of  fabricated  SIS  junction  at  NRO. 


We  also  studied  the  dependence  of  the  feed-point  impedance  upon  the  size  of  the  lumped 
gap  source  port,  as  the  port  size  (mainly  its  width)  is  pre-assumed  for  HFSS  simulation.  As 
shown  in  Fig.  5b,  the  feed-point  impedance  varies  with  the  width  of  the  lumped  gap  source 
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port.  Given  the  fact  that  the  lumped  gap  source  port  has  a uniformly  distributed  field,  we 
suggest  its  width  should  be  taken  exactly  as  that  of  the  impedance  transformer  connected 
between  the  feed  point  and  the  junction  tuning  circuit.  As  it  is  well  known,  displacement 
often  occurs  when  we  align  the  SIS  junction  chip  in  the  mixer  mount.  Hence  we  also 
examined  the  effect  of  the  displacement  of  the  feed  point  in  waveguide.  Calculation  results 
have  demonstrated  that  the  impedance  variation  is  not  considerable  for  the  feed-point 
position  shift  in  both  vertical  and  horizontal  directions,  but  rather  evident  when  the 
quartz-substrate  thickness  is  reduced  down  to  30  pm  from  40  pm. 


k:  ms  iS  ei:  sn  rc*  u Si  53  *0  & ti  iv  53  it 


Fig.  5 a Feed  point  impedance  vs.  frequency;  Fig.  5b  Feed  point  impedance  vs.  feed  width 

4.  Experimental  Results 

The  660-GHz  SIS  junctions  fabricated  at  NRO,  which  have  a critical  current  density  of 
about  10  kA/cm2,  were  tested  in  a 640-GHz  mixer  mount  [10].  It  should  be  pointed  out  that 
due  to  over  estimation  of  the  junction  shrinkage  in  the  photomask  the  actual  junction  area 
was  found  approximately  30%  larger  than  the  design  value,  and  that  the  feed-point 
impedance  of  the  mixer  mount  used  here  is  fairly  close  to  that  shown  in  Fig.  5a.  The 
measured  IF  frequency  was  6 GHz,  at  which  the  IF  noise  temperature  is  around  22  K.  Fig. 
6 shows  the  measured  receiver  noise  temperature  (DSB)  from  618-660  GHz.  Notice  that 
there  are  no  any  corrections  on  the  receiver  noise  temperature.  Clearly  the  frequency 
response  of  the  receiver  noise  temperature  is  shifted  to  a lower  frequency  than  the  designed 
center  frequency  of  660  GHz.  The  bandwidth  appears  not  clear  because  of  a limited 
frequency  coverage  for  this  measurement.  In  spite  of  that,  we  did  observe  a noise 
temperature  of  145  K around  620  GHz. 
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Given  the  fact  the  twin  SIS  junctions  had  a larger  area,  we  indeed  tested  the  twin 
junctions  of  a tuning  inductance  which  is  30%  shorter  than  the  designed  length.  The 
frequency  response  of  the  measured  receiver  noise  temperature,  however,  was  not  well 
compensated,  just  as  shown  in  Fig.  6.  There  are  two  possible  causes  for  this  frequency  shift. 
One  is  a narrower  wiring  layer  for  the  tuning  inductance  (i.e.,  of  a higher  characteristic 
impedance)  due  to  over  etching,  and  the  other  is  a parasitic  inductance  being  around 
individual  SIS  junctions  (of  non-uniform  current  distribution  for  a relatively  large  area).  In 
terms  of  the  resonance  steps  observed  on  the  junction’s  I-V  curve  (refer  to  Fig.  7),  we  can 
estimate  the  resonance  frequency  of  the  twin-junction  tuning  circuit.  Therefore,  it  may  be 
possible  to  extract  the  junction’s  parasitic  inductance  by  comparing  the  measured 
resonance  frequency  with  the  one  derived  form  an  equivalent  circuit  model  for  the 
twin-junction  tuning  circuit  including  the  parasitic  inductances. 
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Fig.  6 Measured  receiver  noise  temperature  (DSB)  for  the  660-GHz  SIS  mixer. 


5.  Summary 

We  have  designed  a 600-720  GHz  SIS  mixer  using  Nb  twin  junctions,  with  the  surface 
impedance  rise  of  Nb  films  beyond  its  gap  frequency  taken  into  account.  The  simulation 
results  are  quite  promising,  giving  a receiver  noise  temperature  (SSB)  of  below  1 20  K.  The 
feed-point  impedance  of  the  660-GHz  mixer  mount  is  well  understood  through  HFSS 
simulations.  A preliminary  experiment  has  demonstrated  a receiver  noise  temperature  as 
low  as  145  K at  618  GHz,  although  its  frequency  response  is  still  far  from  satisfied. 
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Fig.  7 1-V  curves  of  the  twin  junctions  (a:  with  a design  tuning  inductance;  b:  with  a 30% 
shorter  one;  0.677m  V/div) 
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Calabazas  Creek  Research,  Inc.  is  funded  by  the  National  Aeronautics  and  Space  Administration 
to  develop  efficient,  light-weight,  backward  wave  oscillators  (BWOs)  for  applications  from  300 
GHz  to  1 THz.  These  devices  are  needed  as  local  oscillator  (LO)  sources  in  heterodyne  receivers. 
Very  low  noise  heterodyne  receivers  are  needed  at  submillimeter  wavelengths  for  low-background 
radio  astronomy  observations  and  remote  sensing  of  comets,  Earth  and  other  planetary  atmo- 
spheres. Above  100  GHz,  only  BWOs  have  broad  tunability  (over  100  GHz)  and  high  output 
power  (~1  mW);  however,  they  are  heavy  (over  20  kg),  consume  a lot  of  power  (270  W),  required 
water  cooling,  and  have  poor  output  mode  purity. 

Development  is  continuing  on  advanced  backward  wave  oscillators  that  will  incorporate  energy 
recovery,  air  cooling  and  significant  weight  reductions  by  use  of  lighter  advanced  magnetic  mate- 
rials. An  improved  coupler  has  been  developed  to  transform  the  generated  RF  power  to  a high 
purity  Gaussian  output  mode.  The  design  of  a 600-700  GHz  BWO  incorporating  these  improve- 
ments is  currently  underway.  Construction  of  this  tube  is  expected  to  begin  in  late  2001. 
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ELECTROMAGNETIC  MODELING  OF  DISTRIBUTED-SOURCE- 
EXCITATION  OF  COPLANAR  WAVEGUIDES:  APPLICATIONS  TO 
TRAVELING-WAVE  PHOTOMIXERS 


Davide  Pasqualini1,  Andrea  Neto,  Rolf  A.  Wyss 


Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  California,  91109 


I.  ABSTRACT 

In  this  work  an  electromagnetic  model  and  subsequent  design  is  presented  for  a traveling- 
wave,  coplanar  waveguide  (CPW)  based  source  that  will  operate  in  the  THz  frequency 
regime.  The  RF  driving  current  is  a result  of  photoexcitation  of  a thin  GaAs  membrane 
using  two  frequency-offset  lasers.  The  GaAs  film  is  grown  by  molecular-beam-exitaxy 
(MBE)  and  displays  sub-ps  carrier  lifetimes  which  enable  the  material  conductivity  to  be 
modulated  at  a very  high  rate.  The  RF  current  flows  between  electrodes  deposited  on  the 
GaAs  membrane  which  are  biased  with  a DC  voltage  source.  The  electrodes  form  a 
CPW  and  are  terminated  with  a double  slot  antenna  that  couples  the  power  to  a quasi- 
optical  system.  The  membrane  is  suspended  above  a metallic  reflector  to  launch  all 
radiation  in  one  direction.  The  theoretical  investigation  and  consequent  design  is 
performed  in  two  steps.  The  first  step  consists  of  a direct  evaluation  of  the  magnetic 
current  distribution  on  an  infinitely  extended  coplanar  waveguide  excited  by  an 
impressed  electric  current  distributed  over  a finite  area.  The  result  of  the  analysis  is  the 
difference  between  the  incident  angle  of  the  laser  beams  and  the  length  of  the  excited 
area  that  maximizes  the  RF  power  coupled  to  the  CPW.  The  optimal  values  for  both 
parameters  are  found  as  functions  of  the  CPW  and  membrane  dimensions  as  well  as  the 
dielectric  constants  of  the  layers.  In  the  second  step,  a design  is  presented  of  a double 
slot  antenna  that  matches  the  CPW  characteristic  impedance  and  gives  good  overall 
performance.  The  design  is  presently  being  implemented  and  measurements  will  soon  be 
available. 


n.  INFINITELY  EXTENDED  CPW  FED  OVER  A FINITE  LENGTH  ACTIVE 
REGION 

An  infinitely  extended  x-oriented  CPW  is  considered  (Fig.  1),  which  is  etched  on  an 
infinite  conducting  plane  between  two  multi-layered  half  spaces. 

In  the  photomixer  structure  the  active  dielectric  layer  is  a GaAs  film,  which  is  modeled  as 
a dielectric  homogeneous  slab  with  relative  permittivity  ea  =12.9.  On  top  of  the  CPW 
ground  plane  there  is  a thin  protective  Si3N4  film  (e^  =7.0).  The  multi-layer  structure 
has  been  subdivided  in  two  regions.  Region  1,  z>0,  represents  the  protective  layer 
( /j,  ,£ri ),  while  region  2,  z < 0 , represents  the  active  grounded  slab  ( h2  ,er2 ),  backed  by  an 


1 Currently  with  the  Department  of  Information  Engineering,  University  of  Siena,  Via  Roma  56,  53100 
Siena,  Italy 
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infinitely  extended  metallic  reflector  separated  by  a vacuum  layer  (^=1)  with  a 
thickness  of  h0.  The  cross  section  of  both  the  arms  of  the  CPW  (slot  “1”  and  “2”)  is 
uniform  ( ws ) and  small  in  terms  of  the  wavelength. 


Fig.  1 Investigated  geometry,  top  view  and  cross  section 


The  separation  between  the  internal  edges  of  the  slots  is  indicated  as  s.  The  induced  RF 
currents  jf  iy  may  be  interpreted  by  means  of  the  equivalence  principle  as  an  x-oriented 

magnetic  field  discontinuity  (h/+  -hf~)  ix  = hf  -ix,  impressed  at  z = 0±.  The  forcing 
magnetic  fields  are  required  to  be  equal  and  opposite  in  phase  in  slot  “1”  and  slot  “2”  in 
order  to  be  compatible  with  a propagating  mode  on  the  structure: hf (x, y)  = -hf  (x,-y) 
Resorting  to  the  equivalence  principle  the  slotted  regions  are  replaced  by  infinite, 
perfectly  conducting  surfaces  with  two  unknown  magnetic  current  distributions  ±m 
(immediatety  above  and  below  the  CPW  plane).  These  currents  have  equal  amplitude 
and  opposite  signs,  to  ensure  the  continuity  of  the  electric  tangent  fields  through  the 
CPW.  Moreover,  they  are  assumed  x oriented  due  to  the  small  cross  sections  of  the  two 

slots,  i.e.  ±m  = ±m  ix.  Thus,  a scalar  integral  equation  can  be  formulated  which  enforces 
the  continuity  of  the  total  (impressed  plus  radiated)  magnetic  field  on  the  CPW: 

■boo 

J jkJx-x';y-y')].m(x,x')dx'dy'  = -hf(x,y),  (1) 

where  Ev  — [(— s/2  — ws  — s/2){j(s/2,s/2+wsy\  is  the  region  of  the  slots;  and  g,„(x,y) 

is  the  sum  of  g^(x,y)  and  (x,y),  the  Green’s  functions  pertinent  to  the  lower  and 
upper  multi-layered  half  spaces,  respectively.  This  integral  equation  is  enforced  on  the 
two  axis  of  the  slots  that  compose  the  CPW  by  employing  a point  matching  procedure  — 
this  is  formally  equivalent  to  weighting  Eq.  (1)  over  the  transverse  domain  X with  a two 

Dirac  delta  functions  having  opposite  signs  centered  on  ±a . As  anticipated,  the  magnetic 
current  distribution  dependence  is  separable  in  x and  y,  i.e.  m(x,y)=mx(x)  m (y).  An 

edge  singular  behavior  is  assumed  for  the  y dependence  of  the  magnetic  currents: 
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where  the  rect(y,7’)  is  the  existence  function  equal  to  unity  for  \y\  < T and  zero 

elsewhere.  The  normalization  of  my  is  chosen  to  give  unitary  value  when  integrated  on 
the  transverse  dimension  of  each  of  the  slots.  Moreover,  the  currents  have  opposite  signs 
since  a propagating  mode  is  being  excited  on  the  CPW. 


The  integral  equation  can  then  be  solved  in  the  spectral  domain  and  it  is  only  dependent 
on  the  x variable.  After  a few  algebraic  manipulations  it  can  be  shown  that  the  magnetic 
current  distribution  can  be  expressed  as  an  inverse  Fourier-transform: 


(3) 


with 


MX(K)  = 


-2  H{{kx) 


2 K 


} G„  (*,  )•  j{ky ’ I"  y'2sin(v)f  dk 


(4) 


Equations  (3)-(4)  constitute  the  basic  tools  for  the  investigation  of  the  distributed  source 
characterization  of  the  CPW  that  will  follow  in  the  next  section.  The  integration  path 
selection  criteria  for  Eq.  (3)  and  the  properties  of  the  singularities  that  arise  from 
denominators  in  Eq.  (4)  are  treated  in  detail  in  [1],  [2]  for  a slot  line  printed  between  two 
different  homogeneous  dielectric  half  spaces.  The  integral  in  Eq.  (3)  can  be  performed 
by  adopting  a deformation  in  the  complex  plane  below  the  real  axis  for  Re(kx)  < 0 and 

above  the  real  axis  for  Re(^)  > 0. 


III.  DISTRIBUTED  CURRENT  SOURCE  IN  THE  CPW:  DESIGN  CRITERIA 

Equation  3 provides  the  framework  to  quantitatively  determine  the  design  parameters  that 
optimize  the  coupling  of  power  from  the  photo-induced  current  to  the  quasi-optical 
system.  The  reason  for  investigating  distributed  sources  is  the  necessity  to  avoid  the  high 
laser  densities  required  for  operation  of  the  small  area  photo-mixer  devices.  An  active 
area  with  a length  on  the  order  of  a few  effective  wavelengths  would  allow  reducing  the 
laser  power  density  significantly  below  the  damage  threshold.  Choosing  an  arbitrary 
length  for  the  gain  region  may  or  may  not  guarantee  preferential  coupling  to  a forward 
traveling  wave  rather  than  to  a backward  traveling  one.  The  backward  traveling  wave 
would  render  the  design  sensitive  not  only  to  the  location  of  the  CPW-antenna  transition 
but  also  the  opposite  end  where  the  DC  bias  leads  attach.  The  following  three  guidelines 
were  followed  to  obtain  an  optimal  design: 
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a)  The  phase  velocity  of  the  impressed  current  distribution  should  match  the  group 

velocity  of  the  quasi-TEM  guided  mode  of  the  CPW. 

b)  The  length  of  the  active  area  in  the  extended  CPW  should  guarantee  that  RF  power  is 
coupled  only  to  the  forward  traveling  wave. 

c)  The  characteristic  impedance  of  the  CPW  line  should  be  matched  to  the  antenna 
impedance. 


111.1  Phase  matching. 

The  CPW  quasi-TEM  guided  mode  propagation  constant  can  be  found  by  numerically 
investigating  the  dispersion  equation  D(kx)  = 0.  The  search  for  a solution  can  be 

restricted  to  the  real  axis  and  the  two  poles  of  the  structures,  ± k are  found  in  the  top 
Riemann  sheet  for  kzi  = ^jkf-  k]  - k) , i = 0,1  and  2. 


kj/ko 


Fig.  2 Fourier  transform  of  the  impressed  magnetic  field  for  distributed  excitations  over  different  active 
area  lengths 

Thus,  possible  branch  point  singularities  and  branch  cuts  in  the  k-plane,  arising  from  the 
fact  that  D(kx)  is  a multi-valued  function  [2],  are  avoided  when  the  attention  is  restricted 
to  the  main  quasi-TEM  mode.  Once  kxp  is  known  we  verified  numerically  the  well 
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known  principle  that  an  impressed  RF  current  tends  to  couple  to  the  CPW  when  the  phase 
velocity  of  the  current  (kx0)  matches  the  intrinsic  quasi-TEM  propagation  constant  of  the 

structure,  i.e.  kx0  = kxp. 


111.2  Optimal  length  of  the  active  area. 

The  second  key  design  parameter  can  be  extracted  from  the  analysis  is  the  optimal 
extension  of  the  active  area.  Figure  2 shows  the  Fourier 

transforms  of  the  unpressed  magnetic  fields  when  distributed  on  different  active  area 
lengths  of  the  CPW.  In  all  cases  the  Former  transforms  are  sine  functions  where  the 
maximum  corresponds  to  kx  = kxp.  It  should  be  noted  that  when  the  dimension  of  the 
active  area  is  an  integer  multiple  of  half  the  effective  wavelength  the  spectrum  of  the 
distribution  is  equal  to  zero  in 

\m\  (V) 


Fig.  3 Magnetic  current  amplitude  on  CPW  line  at  the  end  point  of  an  excitation  region  indicated  in  the 
inset 


kx  = -k  Since  the  integration  in  Eq.  (6)  is  widely  dominated  by  pole  contributions  on 
the  real  axis,  a zero  in  kx=  -kxp  provides  a zero-pole  cancellation  such  that  no  power  is 
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coupled  to  the  backward  traveling  wave.  For  gap  excitations  over  small  areas,  the  power 
would  be  equally  distributed  in  the  forward  and  the  backward  propagating  traveling 
wave. 

This  is  shown  in  Fig  3 where  the  magnetic  current 

distributions  are  shown  as  a function  of  x for  the  same  total  forcing  field  (impinging  laser 
power).  The  selected  CPW  is  characterized  by  h2  = 2.25  pm,  = 12.9,  h,  = 0. 1 pm,  er,  = 
7.0,  ho  = 35.0  pm  , w*  = 0.7  pm,  s = 1.5  pm.  It  is  worth  noting  that  for  an  active  area  of 
3/ 4 Aeff  a significant  fraction  of  the  power  is  also  launched  backward. 


III.  3 Impedance  matching  antenna-CPW. 

The  asymptotic  value  of  the  magnetic  current  amplitude  at  large  distance  from  the  active 
area,  when  the  phase  velocity  of  the  impressed  field  matches  the  phase  velocity  of  the 
quasi  TEM  mode  in  the  CPW  is  the  characteristic  impedance  of  the  line.  Two 
considerations  determined  the  transverse  geometrical  dimensions  of  the  CPW: 

a)  The  characteristic  impedance  needs  to  be  as  low  as  possible  since  it  is  difficult 
to  achieve  a high  impedance  with  slots  operating  on  the  second  resonance  in 
the  given  dielectric  configuration. 

b)  The  width  of  the  CPW  inner  conductor  should  be  small  in  order  to  minimize 
the  laser  power  reflected  from  the  metal. 

A value  of  45  Q has  been  set  as  target  for  the  characteristic  impedance.  Taking  into 
account  that  the  fabrication  tolerance  is  on  the  order  of  0.1  pm  a width  of  >0.5  pm 
seemed  feasible.  In  order  to  achieve  such  an  impedance  level  a double  slot  antenna 
configuration  has  been  chosen.  The  slots  are  series  fed  by  the  optically  pumped  CPW, 
and  they  are  separated  by  one  effective  wavelength  (Acfr)  in  order  to  obtain  the 

mandatory  broadside  radiation  requirement  that  is  guaranteed  by  equal  magnetic  currents 
in  the  two  slots.  The  slots  are  designed  to  present  purely  real  active  impedance  (the 
impedance  of  each  slot  when  also  the  other  are  excited)  at  the  design  frequency.  So  the 
^eir  separation  guarantees,  by  simple  transmission  line  considerations,  that  the  eventual 
input  impedance  of  the  entire  antenna  system  is  the  sum  of  these  active  impedance’s. 


IV.  DOUBLE  SLOT  DESIGN  ( 1.7  THz) 

Two  slots  of  length  90pm  and  width  12  pm  are  sufficient  to  provide  about  45  ohms  of 
input  impedance.  The  slots  are  separated  by  a distance  equal  to  64  pm.  The  stratification 
is  the  same  used  for  fig.  5.  The  reflection  coefficient  in  the  band  1.6  THz  to  1.9  THz  is 
shown  in  Fig.  4.  It  shows  a match  better  than  20  dB  at  a central  frequency  of  1 .77  THz 
and  6%  relative  bandwidth  at  -10  dB.  The  normalized  magnetic  currents  in  the  two 
different  slots  are  shown  to  be  equal  in  Fig.  5,  where  the  real  and  imaginary  part  of  the 
currents  at  the  frequency  of  1750  GHz  are  superimposed.  The  separation  between  the  two 
slots  (Xejf=  0.38  Ari)  represents  a slightly  over-sampled  array  and  this  causes  a non 
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|F(dB)| 


Frequency  (THz) 


Fig.  4 Reflection  Coefficient  for  a double  slot  antenna 

m(V) 


y axis  (urn) 

Fig.  5 Magnetic  currents  in  the  two  slots  of  tne  array  (/  = 1.750  THz) 
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perfectly  rotationally  symmetric  pattern,  as  in  Fig.  6a  where  the  copolar  radiation  pattern 
of  double  slot  array  antennais  shown.  E0  field  in  E-plane  (continuous  line);  E*  field  in  bi- 
plane (dashed  line);  Ex  field  in  diagonal  plane  (dotted  line).  On  the  other  hand,  with  this 
separation  a good  efficiency  {if),  intended  as  the  ratio  of  the  power  radiated  in  free  space 
and  the  power  lost  in  the  parallel  plate  wave-guide  mode  is  obtained  (Fig  4b).  The 
efficiency  is  significantly  better  than  the  one  of  the  single  slot  antenna,  also  reported  in 
Fig.  6b,  thanks  to  the  cancellation  of  the  waves  launched  in  the  inhomogeneous  PPW  by 
the  two  slots. 

VL  CONCLUSIVE  CONSIDERATIONS 

A travelling  wave,  CPW  based  designs  of  optically  pumped  LO’s  for  1.7  THz 
frequencies  has  been  presented.  The  designs  are  based  on  separate  steps  to  optimize  first 
the  coupling  from  the  R.F.  currents  photo-induced  to  a forward  traveling  wave  on  the 
CPW,  and  then  the  coupling  from  the  CPW  to  free  space  by  means  of  double  slot 
antenna.  The  theoretical  aspects  of  the  distributed  source  excitations  of  CPW  on  thin 
membranes.  The  validity  of  the  design  considerations  presented  has  been  verified  by 
means  of  full  wave  MoM  simulations  of  the  entire  structure.  The  designs  are  at  the 
present  time  being  manufactured  and  the  results  achieved  will  be  the  object  of  a future 
publication. 
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Abstract 

Traveling- wave  photomixers1  have  superior  performance  when  compared  with  lumped  area 
photomixers  in  the  1 to  3 THz  frequency  range.  Their  large  active  area  and  distributed  gain 
mechanism  assure  high  thermal  damage  threshold  and  elimination  of  the  capacitive  frequency 
roll-off.  However,  the  losses  experienced  by  the  RF  wave  traveling  along  the  coplanar  strips 
waveguide  (due  to  underlying  semi-infinite  GaAs  substrate)  were  a serious  drawback.  In  this 
paper  we  present  device  designs  and  an  experimental  setup  that  make  possible  the  realization  of 
photomixers  on  membranes  which  eliminate  the  losses. 
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Abstract 

Photomixing  with  low-temperature-grown  (LTG)  GaAs  photomixers  is  known  as  a 
promising  technique  to  generate  the  coherent  radiation  in  the  terahertz  (THz)  range.  In 
principle,  the  photomixer  could  also  be  used  for  detecting  the  THz  radiation  as  a tunable 
heterodyne  mixer  with  an  internal  local  oscillator,  and  such  a self-oscillating  mixer  would 
allow  us  to  construct  a simple  and  tunable  receiver  system  without  external  local  oscillator 
source.  According  to  a simple  photoconductor  theory,  the  conversion  efficiency  and  the 
noise  of  the  LTG-GaAs  photomixer  receiver  are  estimated.  It  is  shown  that  the 
performance  of  the  photomixer  receiver  is  reasonably  high,  if  the  device  design  is 
optimized  to  get  a high  photoconductivity,  and  if  the  device  is  cooled  down  to  minimize  the 
thermal  noise  contribution. 


1.  Introduction 

Optical  heterodyne  mixing  (photomixing)  in  photoconductors  (photomixers)  with 
miniature  planar  antenna  has  recently  become  an  attractive  method  to  generate  the 
coherent  radiation  in  the  THz  range.  It  has  been  demonstrated  that  the  photomixer  offers 
relatively  high  efficiency  and  extremely  wide  tuning  range  [1,  2].  The 

low-temperature-grown  (LTG)  GaAs  is  the  most  widely  used  material  for  the  photomixing 
because  of  its  short  response  time  (carrier  lifetime)  in  the  sub-picosecond  range  (t<1  ps) 
and  relatively  high  mobility  (ji  >100  cm7V/s).  The  LTG-GaAs  photomixer  have  already 
been  used  for  laboratory  spectroscopy,  and  it  has  been  shown  that  its  spectral  purity  and 
THz  output  power  are  sufficient  for  such  spectroscopic  applications  [3]. 

A schematic  view  of  the  LTG-GaAs  photomixer  as  a THz  source  is  shown  in  Fig.  1 . 
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Fig.  1 : Schematic  view  of  the  photomixer  as  a THz  source. 


The  active  area,  consisting  of  the  DC-voltage  biased  interdigitated  electrodes  fabricated  on 
the  LTG-GaAs  layer,  is  simultaneously  illuminated  by  two  single-mode  cw  lasers  at  2.850 
nm.  Beating  between  the  two  overlapping  laser  beams  creates  a varying  optical  power  at 
the  difference  frequency,  which  modulates  the  photoconductance.  The  resultant  AC 
photocurrent  is  then  coupled  to  a miniature  planar  antenna  patterned  on  the  LTG-GaAs 
surface.  Most  of  the  radiation  power  goes  into  the  substrate,  which  has  a high  dielectric 
constant  (e=12.8  for  GaAs). 

According  to  the  reciprocity  between  transmitting  and  receiving  antenna,  the 
photomixer  should  be  usable  not  only  for  the  wave  generation  but  also  for  the  detection. 
The  detection  principle  is  the  inverse  process  of  the  wave  generation  as  illustrated  in  Fig. 
2;  small  perturbation  in  the  photocurrent  induced  by  the  incoming  THz  field  can  be 
measured  as  the  DC  current  or  the  IF  signal.  The  LTG-GaAs  photomixer  receiver  has  in 
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Fig.  2:  The  principle  of  the  photomixer  receiver. 

fact  been  used  in  the  THz  homodyne  system  and  has  provided  high  signal-to-noise 
frequency-domain  spectroscopy  data  even  at  the  room  temperature  [4,  5]. 

In  principle,  the  photomixer  can  be  used  to  detect  not  only  the  coherent  radiation  but 
also  the  incoherent  radiation  as  a tunable  heterodyne  receiver  with  an  internal  local 
oscillator.  Such  a self-oscillating  mixer  would  allow  us  to  construct  a very  simple  receiver 
system  without  external  local  oscillator.  In  this  paper,  the  operation  of  the  photomixer  as  a 
self-oscillating  mixer  is  proposed,  and  its  performance,  the  conversion  efficiency  and  the 
noise  temperature,  is  estimated  for  the  LTG-GaAs  photomixer. 


2.  Photomixer  operation  in  heterodyne  mixer  mode 

The  principle  of  wave  detection  by  the  photomixer  is  regarded  as  the  inverse  process  of 
the  wave  generation  by  photomixing  as  illustrated  in  Fig.  2.  When  the  THz  radiation  is 
externally  injected  to  the  photomixer  whose  active  area  is  illuminated  by  two  lasers,  the 
THz  field  induces  the  AC  bias  voltage  to  the  electrode  via  the  antenna.  If  the  temporal 
change  of  the  photoconductivity  at  the  difference  frequency  of  the  two  lasers  coincides 
with  the  external  THz  field  in  phase,  the  rectification  of  the  THz  waves  takes  place,  and 
then  the  DC  current  is  generated.  In  the  case  that  the  difference  frequency  is  different  from 
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that  of  the  incident  THz  waves,  the  intermediate  frequency  (IF)  current  signal  instead  of 
the  DC  current  should  be  generated.  The  IF  signal  is  transmitted  to  the  post-mixer 
amplifier  the  same  as  conventional  heterodyne  mixers.  The  photomixer  should  be 
operated  at  zero-bias  or  minimum  DC  current  in  order  to  minimize  the  current  noise  as 
discussed  later,  in  contrast  that  for  the  emitter  higher  bias  voltage  is  required  to  obtain 
higher  photocurrent. 

The  photocurrent  induced  by  the  electric  field,  E,  is  given  by 


l = ??f  = GV, 


(1) 


where  //  is  the  mobility,  / is  the  gap  size  of  the  interdigitated  electrodes,  G is  the 

photoconductivity,  and  V is  the  voltage  corresponding  to  E=V/l.  The  photoconductivity 

modulated  at  the  difference  frequency  of  the  two  lasers,  coL  = (o]  — ct)2 , is  expressed  as 

( \ 
sinner 


G -G, 


1 + 


V1+Kr); 


where 


r -V plt  efi 
uo  — . l2  > 

hv  l1 


(2) 


(3) 


ris  the  carrier  lifetime  of  the  photomixer  material,  tj  is  the  external  quantum  efficiency  of 
the  photomixer,  and  PL  is  the  total  input  laser  power.  The  initial  phase  of  the  oscillation  is 
set  to  be  zero.  The  AC  bias  voltage  induced  by  the  THz  field,  V = V0  sin(a)st  + tp) , and  the 

temporal  change  of  the  photoconductivity  induced  by  the  laser  beating  create  the 
photocurrent  at  the  intermediate  frequency  (IF),  coIF  =col-g>s. 


I Ph  ~ 


G0V0  cos(6J/f f — tp) 

Vl  + Kr)27l  + K^C)2  ’ 


(4) 


where  the  second  term  of  the  denominator  represents  the  roll-off  due  to  the  device  time 
constant;  RA  is  the  antenna  impedance,  and  C is  the  electrode  capacitance.  If  the  bandwidth 
of  the  IF  circuit  is  sufficiently  wide  compared  with  the  reciprocal  of  the  coherence  time  of 
the  input  THz  radiation,  the  amplitude  of  the  IF  signal  power  should  be  comparable  to  that 
for  the  coherent  radiation. 
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0.1  1 


Frequency  [THz] 


Fig.  3:  The  conversion  efficiency  of  the  photomixer  receiver.  The  solid  and  dashed  curves 
represent  the  estimation  for  the  self-complimentary  broadband  antenna  {RA=12  £2)  device 
with  0.2-pm  and  0.1 -pm  gap  electrodes,  respectively. 


3.  Conversion  efficiency 

When  the  THz  radiation  is  injected  to  the  photomixer,  the  induced  voltage  across  the 
electrode  gaps  is 

V0=ftPsRA,  (5) 

where  Ps  is  the  injected  THz  power,  and  RA  is  the  antenna  impedance.  The  average  power 
delivered  to  the  IF  load  is  given  by 

P.-T?Zt.  (6) 

From  Equations  4,  5 and  6,  the  conversion  efficiency  is  obtained  as 
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= G2RaZl 

- Ps  [1  + Kr)2][l  + (a)LRACY]  (7) 

From  Equations  3 and  7,  it  is  clear  that  the  conversion  efficiency  can  be  greatly  improved 
by  narrowing  the  electrode  gaps  ( T « l~* ). 

By  substituting  the  parameters  for  the  LTG-GaAs  photomixer  into  above  equations;  77  = 
1 ~~  40  mW,  T—  0.3  ps,  //  = 200  cm  /V /s,  RA  = 12Q,  for  the  self-complimentary  antenna 
on  GaAs,  ZL  = 50  Q,  and  20  interdigitated  electrodes  with  the  width  of  0.2  pm  and  19  gaps 
with  l = 0.2  pm  (C  = 5 fF)  [6],  the  conversion  efficiency  is  calculated  to  be  about  6%  at 
DC.  The  frequency  dependence  of  the  conversion  efficiency  is  shown  in  Fig.  3.  Although 
these  efficiency  values  are  much  lower  than  that  for  superconducting  mixers,  they  are  still 
in  a useful  range. 


4.  Mixer  noise 

There  are  several  possible  noise  sources  in  the  photomixer  receiver,  photocurrent 
fluctuation  and  Johnson  noise.  The  current  fluctuation  due  to  the  random  process  of 
generation  and  recombination  of  the  photocarriers  in  the  photoconductor  is  known  as  the 
G-R  noise.  The  current  fluctuation  due  to  the  G-R  noise  in  the  IF  bandwidth  of  A/is  given 
by 


r 2 2 h V 

GR  ~™Pk  ' ' 4/  ' 


vPL 


(8) 


It  is  assumed  that  the  photomixer  is  operated  at  zero-bias  field  and  that  only  the  AC  bias 
induced  by  the  THz  radiation  is  applied.  The  signal-to-noise  power  ratio  is 

— — Ijl  — . 

N 


' GR 


Ahvhf 


(9) 


The  G-R  noise  limited  S/N  depends  only  on  the  input  laser  power  but  the  incident  THz 
power.  Once  the  input  laser  power  is  set,  the  S/N  cannot  exceed  this  value,  even  if  the  THz 
signal  is  very  strong  compared  with  the  other  noise.  The  situation  is  similar  to  that  the 
quantization  noise  of  the  A/D  converter  limits  the  maximum  S/N.  For  the  laser  power  of 
40  mW  and  the  bandwidth  of  1 GHz,  the  S/N  is  higher  than  107.  Therefore,  in  most  cases, 
this  noise  should  not  limit  the  minimum  detectable  THz  power. 

For  real  setup,  it  would  not  be  very  easy  to  obtain  the  perfect  zero  bias  condition, 
because  the  electrode  contact  may  not  be  ohmic  and  the  photovoltaic  effect  may  occur  in 
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the  device  [5].  If  the  DC  electric  field  (1/DC  = / E^)  exists,  the  minimum  detectable  power 
(MDP)  is  calculated  as 

MDP™  = 2~l^Af  ■ (10) 

If  P= 40  mW  and  1^=0. 1 V are  assumed,  the  mixer  noise  temperature  limited  by  the 
photocurrent  noise  is  Tu~70  K.  Since  the  assumed  DC  field  is  close  to  the  maximum 
available  value  for  LTG-GaAs,  in  most  cases  this  noise  level  would  be  close  to  the  upper 
limit  and  small  compared  with  thermal  noise  described  as  follows. 

Thermal  fluctuation  of  the  photoconductivity,  the  laser  power  fluctuation,  and  the 
background  photon  noise  are  also  possible  noise  sources,  and  their  noise  levels  should  be 
similar  to  the  photocurrent  noise  estimated  here. 

At  relatively  high  temperature,  Johnson  noise  contributes  to  the  photomixer  noise.  For 
the  parameter  used  before,  the  resistance  of  the  photomixer,  R=l/G„,  is  approximately  240 
fi.  The  noise  current  is  given  by 

77  = — Af  = 4kTGQW,  (11) 

R 

and  the  MDP  is 

(12) 

When  the  photomixer  is  operated  at  the  room  temperature  (T= 290  K),  the  active  area  is 
locally  heated  up  by  the  laser  to  7M90  K [2],  and  the  mixer  noise  temperature  is  7^-1300 
K at  low  frequency  limit. 


5.  Possible  improvement 

The  conversion  efficiency  could  be  improved  by  using  the  photomixer  material  with 
longer  carrier  lifetime,  in  particular  at  lower  frequencies.  Even  at  higher  frequencies  the 
efficiency  may  become  better  by  increasing  the  carrier  lifetime,  because  the  mobility  may 
also  increase  with  increasing  the  carrier  lifetime.  Same  argument  should  be  concluded  for 
the  photomixer  THz  source,  but  we  have  actually  used  the  LTG-GaAs  with  the  shortest 
carrier  lifetime  by  the  following  reason.  When  the  material  with  much  longer  carrier 
lifetime  is  used,  the  AC  current  oscillating  at  the  THz  frequency  is  a small  fraction  in  the 
total  photocurrent,  and  it  may  be  easily  destructed  by  the  random  fluctuation  of  the 
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Fig.  4:  The  noise  temperature  for  the  0.1-|Lim  gap  device  at  300  GHz  and  650  GHz  as 
functions  of  the  ambient  temperature.  The  noise  contribution  from  the  post-mixer 
amplifier,  V XTA , for  7^=10  K and  the  quantum  noise  limit  lO/i  v/ytare  also  indicated. 


DC  photocurrent.  The  optimum  carrier  lifetime  for  the  receiver  may  be  much  longer  than 
that  for  the  source,  because  it  is  operated  at  the  zero  bias,  which  the  photocurrent 
fluctuation  is  small. 

As  shown  before,  the  conversion  efficiency  is  highly  dependant  on  the  electrode  gap. 
The  conversion  efficiency  of  the  device  with  0. 1-jxm  wide  and  0.1 -|am  gap  electrodes  and 
with  the  same  active  area  as  the  0.2-pm  gap  device  is  shown  in  Fig.  3.  This  device  shows 
great  improvement  in  the  efficiency  at  lower  frequencies  but  not  much  at  higher 
frequencies  because  of  its  large  capacitance,  C— 20  fF.  If  the  resonant  antenna  device  is 
used,  the  capacitive  part  of  the  antenna  impedance  can  be  canceled  out,  and  then  high 
efficiency  can  be  achieved  at  a certain  frequency.  The  traveling-wave  photomixer  has 
also  potential  to  overcome  the  RC-limited  bandwidth  problem,  and  it  would  offer  better 
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efficiency  at  higher  frequencies  [7]. 

If  the  photomixer  is  cooled  down  to  the  liquid  nitrogen  temperature,  the  temperature  of 
the  active  area  becomes  7’=90  K [2],  and  the  Johnson-noise-limited  noise  temperature  for 
the  0. 1 -pm  wide  gap  device  becomes  T^-lOO  K at  the  low  frequency  limit.  Shown  in  Fig. 
4 is  the  noise  temperature  of  the  0.1 -pm  wide  gap  device  operated  at  300  GHz  and  650 
GHz  as  functions  of  the  base  (ambient)  temperature.  According  to  the  conversion 
efficiency  shown  in  Fig.  3,  the  contribution  of  the  post-mixer  amplifier  noise  of  f,=10  K to 
the  mixer  noise,  T~'Ta , is  also  shown  in  Fig.  4.  The  mixer  noise  temperature  of  the 
photomixer  receiver  can  approach  to  the  quantum  limit,  if  the  device  is  cooled  down  to  the 
liquid  nitrogen  temperature.  Cooling  the  device  should  be  also  helpful  to  improve  the 
conversion  efficiency,  because  the  carrier  mobility  increases  with  decreasing  the 
temperature. 


6.  Conclusion 

The  idea  on  the  use  of  the  photomixer  as  a self-oscillating  mixer  (receiver)  was 
presented.  By  assuming  the  use  of  the  LTG-GaAs  photomixer  with  sub-pm  electrode 
structure,  the  conversion  efficiency  and  the  noise  were  estimated.  The  conversion 
efficiency  of  the  photomixer  receiver  is  low,  and  the  post-mixer  amplifier  would  limit  the 
receiver  noise  temperature  especially  at  higher  frequencies,  but  the  sensitivity  would  be 
still  in  a useful  range  for  some  applications.  The  improvement  of  the  photoconductivity  by 
narrowing  the  electrode  gap  is  crucial  for  the  improvement  of  the  conversion  efficiency 
and  the  reduction  of  the  mixer  noise.  At  the  room  temperature,  the  thermal  (Johnson)  noise 
dominates  in  the  mixer  noise.  Therefore,  the  mixer  noise  can  be  greatly  reduced  by 
cooling  the  device.  The  experimental  study  to  prove  the  principle  is  in  progress. 

If  the  device  works  as  is  expected,  it  allows  us  to  construct  a very  compact,  highly 
tunable,  heterodyne  receiver  system  without  external  LO  source.  Although  its  sensitivity 
is  not  very  high  compared  with  present-day  fixed-tuned  superconducting  mixers,  its 
overwhelmingly  wide  frequency  tunability  should  be  useful  especially  for  space-based 
remote  sensing  applications.  It  is  also  worthy  to  note  that  the  THz-wave  detection 
technique  presented  here  is  quite  general  and  applicable  to  not  only  the  LTG-GaAs 
photomixer  but  the  other  types  of  photomixers,  e.g.  ultra-fast  PIN  photodiodes. 
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Abstract 

The  performance  of  NbN  based  HEB  mixers  has  been  investigated  at  THz  fre- 
quencies in  a receiver  with  quasi-optical  coupling.  The  best  performance  is  achieved 
with  devices  made  from  NbN  films  deposited  on  crystalline  MgO  substrates,  with 
film  thickness  d = 3.5 nm  and  a critical  temperature  Tc  = 9 - 10 K.  Double-side 
band  receiver  noise  temperatures  are  530 K at  0.6 THz,  650 K at  1.6 THz  and  HOOK 
at  2.5  THz.  The  intermediate  frequency  (IF)  bandwidth  is  4.5  GHz  under  operating 
conditions  yielding  the  lowest  noise  temperature.  Operating  the  bolometer  at  high 
bias  voltages  can  increase  the  IF  bandwidth  up  to  9 GHz  at  the  expense  of  a drop  in 
sensitivity  by  a factor  of  two. 


1 Introduction 

Superconducting  hot-electron  bolometers  (HEB)  are  suitable  mixers  for  heterodyne  re- 
ceivers at  frequencies  at  and  above  1 THz.  Their  high  sensitivity  and  comparitively  low 
local  oscillator  (LO)  power  requirement  make  them  superior  to  other  mixers  like  SIS  junc- 
tions or  Schottky  diodes. 

Two  concepts  of  HEB,  employing  different  cooling  mechanisms,  are  under  development. 
The  diffusion  cooled  type,  suggested  by  Prober  [1],  is  a short  bridge  of  niobium  and  cooling 
takes  place  by  diffusion  of  hot  electrons  out  of  the  ends  of  the  bridge.  In  the  phonon  cooled 
type,  a microbridge  made  from  ultrathin  niobium  nitride  films,  electrons  are  predominantly 
cooled  by  inelastic  scattering  with  phonons  in  the  film  and  subsequent  heat  transfer  into 
the  substrate  [2].  Both  HEB  types  have  been  integrated  into  receivers  with  quasi-optical 
or  wave  guide  coupling  and  have  shown  low  noise  figures  at  THz  frequencies  along  with 
an  intermediate  frequency  (IF)  bandwidth  of  up  to  9 GHz  [3-5]. 

The  technology  for  NbN  based  HEB  mixers  has  been  continously  improved  during  the  last 
years.  At  a level  of  comparitively  low  noise  temperatures,  Trec,DSB  = 650  K at  1.6  THz  and 
1100  K at  2.5  THz,  less  than  20  times  the  quantum  noise  /i//2&b,  the  question  arises  what 
are  the  limiting  factors  in  receiver  performance.  In  particular,  what  are  the  contributions 
from  coupling  loss  and  mixer  conversion  loss.  There  are  methods  to  measure  the  sum  of 
both  [6],  but  more  detailed  investigations  face  the  difficulty  that  different  loss  contributions 
in  the  submillimeter  circuit  (antenna,  bolometer)  can  not  easily  be  studied  separately.  For 
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the  performance  of  the  HEB  mixer  itself,  predictions  based  on  existing  models  can  not 
explain  experimental  results  in  all  cases,  which  makes  it  at  this  stage  difficult  to  give  exact 
design  rules  in  order  to  further  optimize  the  receiver. 

This  paper  gives  an  overview  of  recent  results  obtained  with  quasi -optically  coupled  NbN 
based  HEB  mixers,  possible  improvements  in  receiver  technology  are  discussed. 


2 Measurement  Set-up 


Figure  1 shows  the  set-up  used  for  receiver  noise  temperature  measurements.  Local  os- 
cillator sources  are  a BWO  for  0.6  THz  or  a far  infrared  laser  for  1.6  and  2.5  THz.  The 
signal  from  hot/cold  black  body  loads  is  combined  with  the  LO  by  means  of  a beam 
splitter,  a 12  pm  thin  Mylar  foil,  and  injected  into  the  cryostate  through  a polyethylene 
window.  A 0.25  mm  thick  Zitex  filter  on  the  4K  shield  blocks  IR  radiation  from  entering 
the  mixer.  The  mixer  chip  is  clamped  onto  the  flat  side  of  an  elliptical  lens  and  mounted 
into  a copper  block.  Lenses  with  a A/4  antireflex  coating  made  from  Parylene  are  used  for 
measurements  at  1.6  THz  and  2.5  THz.  The  read  out  line  for  the  IF  signal  consists  of  a 
bias-T,  a low  noise  amplifier  (LNA)  with  center  frequency  1.5  GHz,  a room  temperature 
amplifier,  a bandpass  filter  and  a power  meter. 


signal 

(hot/cold  load) 


Figure  1.  Schematics  of  the  measurement  set-up.  The  radiation  coupling  optics  consists 
of  hot  (beam  splitter,  vacuum  window)  and  “cold”  (IR  filter,  lens  -f  antenna)  parts. 

The  absorption/reflection  losses  in  the  optics  are  ~ 2.5  dB  at  0.6  THz  and  increase  to 
~ 3.5  dB  at  2.5  THz  (using  a lens  without  anti  reflection  coating).  Data  for  material 
absorption  losses  are  taken  from  [7,8],  The  contribution  from  hot  parts  in  the  optics  (beam 
splitter,  cryostat  window)  to  the  receiver  noise  temperature  Trec,DSB  has  been  measured 
to  be  ~ 60  K at  0.6  THz.  The  IF  chain  contributes  with  25  - 75  K,  calculated  from  the 
equivalent  noise  temperature  of  the  LNA,  TIF(1.5  GHz)  ~ 5K,  and  a total  conversion  loss 
of  Ltot  = 10  — 15  dB. 
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3 HEB  Device 

The  mixing  element  is  a thin  film  strip  of  superconducting  NbN  on  a dielectric  substrate. 
The  strip  is  integrated  into  an  on-chip  logspiral  antenna  with  the  antenna  terminals  serving 
as  rf  input  and  IF  output  port  at  the  same  time.  The  in-plane  geometry  width/length 
is  chosen  such  that  it  yields  a normal  resistance  Rn  of  the  film  strip  close  to  the  antenna 
impedance  Z\.  Fig.  3 shows  an  SEM  micrograph  of  one  of  the  mixer  chips. 


dielectric  (Si  or  MgO) 


Figure  2:  Schematics  of  the  bolometer. 
The  NbN  strip  with,  is  contacted  by  nor- 
mal metal  pads  made  of  5 nm  Ti  -I-  70  nm 
Au.  The  width  w and  length  £ are  of  the 
order  /im. 
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Figure  3:  SEM  micrograph  of  the  antenna 
integrated  HEB  mixer. 


3.1  Fabrication 

The  fabrication  makes  use  of  standard  thin  him  and  lithographic  techniques  and  has  been 
described  earlier  [9, 10].  Here,  one  aspect  is  looked  at  in  more  detail  since  it  is  likely  to 
be  critical  for  the  device  performance.  It  concerns  the  quality  of  the  contact  between  the 
NbN  him  strip  and  the  antenna  terminals.  This  contact  is  established  through  pads  of 
Ti/Au  defined  by  e-beam  lithography  in  a lift-off  technique.  The  metallization  process, 
using  thermal  evaporation  without  in-situ  cleaning,  requires  a thin  layer  of  Ti  to  achieve 
good  adhesion.  There  are  several  reasons  why  the  interface  between  the  Ti/Au  pads  and 
NbN  him  is  not  ideal:1 

• Formation  of  an  oxide  layer  on  the  NbN  him:  (a)  While  being  exposed  to  atmosphere 
(for  some  samples  as  long  as  months  or  years),  (b)  during  resist  ashing  in  oxygen 
plasma  (prior  to  metallisation). 

• The  highly  reactive  Titanium  will  form  compounds  with  contaminants  on  the  sample 
surface  and  in  the  vacuum:  (1)  a layer  of  hydro  carbones  naturally  exists  on  surfaces 
exposed  to  atmosphere,  (2)  remaining  gases  in  the  evaporation  chamber,  mainly 
oxygen,  are  gettered  by  Ti  [11]. 

1 The  “ideal”  interface  could  be  obtained  with  dean  materials  deposited  in-situ. 
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In  a seperate  study,  a standard  method  [12]  has  been  used  to  measure  the  specific  contact 
resistance  pc  between  NbN  film  and  Ti/Au  pads.  The  results  show  that  values  vary  greatly 
between  fabrication  batches,  with  pc  falling  in  the  range  10-7  — 10-6ftcm2.  We  attribute 
this  large  variation  to  poorly  controlled  process  parameters  as  described  above.  The 
absolute  values  for  pc  are  comparable  to  what  is  achieved  with  other  ex-situ  metallization 
processes  and  might  not  be  critical,  but  in  case  of  small  contact  areas  ~ pm2  a resistance 
of  up  to  100  S l can  occur.  The  presence  of  such  a contact  resistance  and  consequences  for 
device  performance  will  be  discussed  in  the  next  section. 

3.2  Coupling  between  antenna  and  bolometer 

Let  us  discuss  the  distribution  of  rf  currents  close  to  the  NbN  bridge:  At  a frequency 
higher  than  2A  jh  (with  A the  gap  energy  of  the  superconductor)  the  surface  impedance 
of  the  NbN  film  equals  the  normal  sheet  resistance  [13],  Ra  ~ 500  ft  and  thus  much  higher 
than  the  one  of  gold.  RF  currents  are  therefore  concentrated  in  the  gold  and  will  go  into 
the  NbN  film  only  within  a certain  distance  from  the  bridge  edge.  A first  estimate  is  to 
assume  this  length  to  be  of  the  order  of  the  skin  depth  in  the  gold  film,  (5au  ~ 0.1  inn  at 

1 TTT_  * ' 


Figure  5:  RF  ircuit  model  of  the 
Figure  4.  RF  current  distribution  along  the  length  antenna  integrated  bolometer  with 
of  the  NbN  bridge.  contact  resistance. 


The  conclusion  from  this  consideration  is  that  the  effective  contact  area  w x <5au  for  rf 
currents  is  of  the  order  ~ pm2,  giving  rise  to  a contact  resistance  R,  in  series  with  the 
bolometer,  see  Fig.  5.  Hence,  coupling  of  rf  power  PrS  into  the  bolometer  with  impedance 
ZB  is  less  efficient,  additional  losses  will  scale  with  the  ratio  RJZB- 

Even  though  no  exact  values  for  degradation  in  coupling  efficiency  can  be  taken  from 
this  study,  the  badly  controlled  interface  quality  might  explain  why  devices  with  similar 
film  parameters  differ  in  sensitivity  performance.  In  order  to  improve  reliability  and 
reproducibility  of  the  technology,  we  suggest  to  have  initially  an  in  situ  deposited  gold 
layer  on  top  of  the  NbN  film.  The  gold  layer  is  removed  after  patterning  the  micro  bridge, 
similar  to  a process  successfully  used  for  fabrication  of  Nb  diffusion  cooled  mixers  [14,15]. 
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4 Receiver  Noise  Temperature 

Noise  temperature  measurements  have  been  performed  at  three  different  LO  frequencies: 
0.6  THz,  1.6  THz  and  2.5  THz.  The  IF  signal  is  measured  at  1.5  GHz  and  the  standard 
Y-factor  method,  with  hot  (295  K)  and  cold  (77  K)  loads  in  the  signal  path  is  used  to 
determine  the  equivalent  input  noise  temperature  of  the  receiver.2 

We  will  first  present  the  data  for  Trec  at  fLO  = 0.6  THz  and  discuss  absolute  values 
of  Trcc  obtained  with  different  mixers.  The  frequency  dependence  of  the  receiver  noise 
temperature  is  discussed  in  section  4.2. 

4,1  Absolute  value 

Data  of  noise  temperature  measurments  have  been  obtained  with  mixers  where  device 
parameters  have  been  varied  within  a certain  range,  see  Tab.  1. 

Table  1:  HEB  device  parameters.  The  critical  temperature  Tc  is  measured  on  the  film 
prior  to  further  processing,  values  of  jc  are  calculated  from  the  critical  current  of  the 
bolometer  at  4 K. 


parameter 

value 

d 

3 — 5 nm 

Tc 

9-11.5K 

w 

0.15  — 1 pin 

l 

1 — 4 pm 

R n 

50  - 300  n 

jc 

2 - 8 • 106  A/cm2 

Lowest  noise  temperature,  Trec, dsb  = 500  - 550  K,  is  achieved  with  devices  having  a 
low  critical  current  density,  jc  = 2 - 3A/cm2  corresponding  to  a critical  temperature 
Tc  = 9 — 10  K.  Their  normal  state  resistance  falls  into  the  range  Rn  = 80  - 110  Q,  close 
to  what  is  expected  to  give  good  matching  to  the  antenna  impedance  Z\  = 80  Q.  A 
dependence  of  performance  on  the  bolometer  in-plane  geometry  is  not  observed. 


4.2  Frequency  Dependence 

Fig.  6 shows  results  from  receiver  noise  temperature  measurements  with  3 mixers.  The 
devices  have  different  in— plane  geometry  and  are  taken  from  3 separated  fabrication  runs. 
The  first  conclusion  is  that  the  frequency  dependence  is  similar  for  all  mixers,  irrespective 
of  the  absolute  value.  Quantitatively,  the  increase  of  the  noise  temperature  is  4 — 5 dB 
when  going  from  0.6  THz  to  2.5  THz. 

The  degradation  in  performance  is  partly  explained  by  about  1 dB  higher  absorption  losses 
in  the  optics.  It  is  not  clear  yet,  to  which  extent  other  loss  mechanisms  contribute.  While 

2 The  noise  temperatures  of  hot  and  cold  loads  are  calculated  according  to  the  formulae  of 
Callen  L Welton  [16]. 
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Figure  6:  Frequency  dependence  of  the  receiver  noise  temperature  for  three  different  HEB 
mixers.  The  device  in  plane  dimensions  w x £ are:  2 x 0.15 pm  (A),  1 x 0.15/im  (B) 
and  4 x 0.4  pm  (C).  Data  (C')  are  obtained  using  Si  lenses  with  a A/4  antireflex  coating, 
reducing  the  coupling  loss  by  about  20  % [4]. 

the  intrinsic  conversion  loss  of  the  mixer  may  increase,  also  other  parts  of  the  receiver 
have  frequency  dependent  characteristics  and  should  be  investigated,  it  concerns: 

• Coupling  efficiency  between  free  space  and  the  lens  antenna. 

• Ohmic  losses  in  the  antenna. 

• Losses  between  antenna  and  bolometer  due  to  mismatch. 

It  has  been  suggested  by  Semenov  et  al.  [17],  that  a non-uniformity  in  the  current  distribu- 
tion across  the  width  of  the  NbN  strip  due  to  the  skin  effect  should  be  more  pronounced  at 
higher  frequencies  and,  as  a consequence,  lead  to  increased  conversion  loss.  This  problem 
can  be  overcome  by  choosing  a device  geometry  with  a small  width,  comparable  to  the 
skin  depth  in  the  NbN  film,  <^NbN  ~ 1 /^m  at  1 THz.  Results  from  computer  simulations 
using  this  approach  are  presented  in  [18]. 

5 IF  Bandwidth 

The  maximum  speed  of  a hot  electron  mixer  is  set  by  the  electron  temperature  relaxation 
time  to  which  is  a function  of  the  film  parameters  [9].  However,  due  to  electro  thermal 
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feedback  from  the  IF  circuit  with  load  impedance  Ry,  the  effective  bolometer  time  constant 
Tg  differs  from  re  depending  on  bias  conditions.  In  the  frame  of  a uniform  heating  model, 
the  IF  band  width  reads  [19] 


/3dB  = 


2ttt£ 


27TTfl 


(1  — C) , with  C = CqJq 


2 Rl  - Rq 


Rl  + iio 


(1) 


R0  = Uq/Iq  is  the  dc  resistance  in  the  operating  point  and  C0  = dR/dP<l<:\R=Rf}  the  dc 
responsivity.  Hence,  by  choosing  operating  conditions  with  Rq  > R\, , the  value  of  the 
self-heating  parameter  C becomes  negative  and  one  can  in  principle  obtain  a large  band 
width  /3dB- 


Figure  7:  IV  curve  with  the  bias  points  for  bandwidth  and  noise  temperature  measure- 
ments indicated. 

The  bias  dependence  of  mixer  performance  has  been  investigated  with  an  HEB  device 
made  from  a 5 nm  thin  film.  IF  bandwidth  as  well  as  receiver  noise  temperature  has  been 
measured  in  three  different  bias  points  as  indicated  in  Fig.  7. 


Table  2:  Data  of  IF  band  width  and  receiver  noise  temperature.  The  self  heating  parameter 
C is  calculated  according  to  Equ.  1,  with  = 50  D (input  impedance  of  the  IF  amplifier) 
and  Co  obtained  from  the  IV  curve  in  the  actual  bias  point. 


Ro/tt 

C 

/: 3dB/GHz 

Tree  at  0.6  THz 

Trec  at  1.6  THz 

24  1 

0.23 

2.7 

600  K 

650  K 

34 

0.1 

3.5 

600  K 

700  K 

51 

0 

9 

1200  K 

1400  K 

The  change  in  bandwidth  from  /3dB  = 2.7  GHz  to  3.5  GHz  is  due  to  the  reduced  heating 
parameter  C in  the  second  bias  point.  The  increase  to  /3dB  = 9 GHz  at  the  highest 
voltage,  can  not  be  explained  by  the  effect  of  electro  thermal  feed  back  alone,  since  C = 0 
in  this  bias  point.  Within  the  same  bias  range,  the  noise  temperature  increases  by  a factor 
of  two,  showing  that  a wide  IF  bandwidth  and  still  good  sensitivity  can  be  achieved  with 
this  type  of  mixer. 
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6 Conclusions 

Sensitivity  and  IF  bandwidth  of  phonon-cooled  HEB  mixers  based  on  NbN,  integrated 
into  a quasi-optical  receiver,  have  been  measured  at  THz  frequencies.  The  lowest  DSB 
receiver  noise  temperatures  are  530  K at  0.6 THz,  650 K at  1.6 THz  and  HOOK  at  2.5 THz. 
For  optimization  of  the  receiver  it  will  be  necessary  to  have  a more  accurate  characterisa- 
tion of  the  optics  and  the  rf-embedding  circuit  of  the  mixer.  This  will  allow  a break  down 
of  receiver  input  losses  and  may  allow  conclusions  about  degradation  in  sensitivty  perfor- 
mance at  higher  frequencies.  In  addition  the  fabrication  process  needs  to  be  developed  for 
better  control  of  the  contact  resistance  at  the  mixer  rf  input. 
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Abstract 


Hot  electron  bolometer  (HEB)  mixer  elements,  based  on  Niobium  Titanium  Nitride 
(NbTiN)  thin  film  technology,  have  been  fabricated  on  crystalline  quartz  substrates  over  a 
20  nm  thick  AIN  buffer  layer.  The  film  was  patterned  by  optical  lithography,  yielding 
bolometer  elements  that  measure  about  1 pm  long  and  between  2 and  12  pm  wide.  These 
mixer  chips  were  mounted  in  a fixed-tuned  waveguide  mixer  block,  and  tested  in  the  600 
and  800  GHz  frequency  range.  The  3-dB  output  bandwidth  of  these  mixers  was  determined 
to  be  about  2.5  GHz  and  we  measured  a receiver  noise  temperature  of  270  K at  630  GHz 
using  an  intermediate  frequency  of  1 .5  GHz.  The  receiver  has  excellent  amplitude  stability 
and  the  noise  temperature  measurements  are  highly  repeatable.  An  800  GHz  receiver 
incorporating  one  of  these  mixer  chips  has  recently  been  installed  at  the  Sub-Millimeter 
Telescope  in  Arizona  for  field  test  and  for  astronomical  observations. 


I.  Introduction 


In  recent  years,  heterodyne  receivers  based  on  the  superconductive  Hot  Electron 
Bolometer  (HEB)  mixer  have  begun  to  emerge  as  the  instrument  of  choice  for 
ultra-sensitive  spectroscopic  applications  at  THz  frequencies.  Two  types  of  HEB  mixers 
have  been  developed:  the  phonon-cooled  mixer  [1]  and  the  diffusion  cooled  mixer  [2],  In  a 
phonon-cooled  HEB  mixer,  hot  electrons  produced  by  THz  photons  are  cooled  through 
interaction  with  the  lattice.  Phonons  are  responsible  for  transferring  the  excess  energy  to 
the  substrate  on  which  the  film  is  deposited.  Until  now,  NbN  has  been  the  material  of 
choice  for  this  type  of  mixer  [3].  Diffusion  cooled  HEB  mixers,  on  the  other  hand,  depend 
on  the  out  diffusion  of  the  hot  electrons  in  extremely  short  niobium  or  aluminium  thin  film 
bridges  to  large  metal  electrodes  [4], 
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Niobium  Titanium  Nitride  (NbTiN)  has  largely  been  developed  [5]  for 
Superconductor-Insulator-Superconductor  (SIS)  mixers  which  now  operate  beyond  1 THz. 
NbTiN  is  a solid  solution  of  NbN  and  TiN  (both  B1  phase  superconductiors),  and  it  has 
properties  that  resemble  NbN,  and  it  is  reasonable  to  assume  that  NbTiN  thin  films  can  also 
be  used  in  phonon-cooled  HEB  mixers.  In  this  paper,  we  report  on  the  first  successful 
demonstration  of  NbTiN  thin  film  technology  to  low-noise  HEB  receivers.  We  present  both 
laboratory  and  field  data  in  the  frequency  range  600  - 800  GHz. 


II.  Fabrication  Process 

We  chose  Z-cut  crystalline  quartz  as  the  substrate  material  because  our  NbTiN  HEB 
mixers  are  designed  to  work  in  a waveguide  mount.  In  order  to  improve  the  quality  of  the 
NbTiN  film,  we  have  added  an  Aluminium  Nitride  (AIN)  buffer  layer.  Details  of  the 
fabrication  process  can  be  summarized  as  follows: 

a)  A 20  nm  thick  AIN  layer  is  first  deposited  onto  the  crystalline  quartz  substrate  using  RE 
sputtering  of  A1  in  an  atmosphere  of  Ar  and  N2.  The  deposition  rate  is  10  nm/min. 

b)  The  quartz  substrate  is  then  heated  to  a temperature  of  375°  C. 

c)  The  NbTiN  thin  film  is  deposited  by  DC  sputtering  of  NbTi  alloy  target  in  an 
atmosphere  of  Ar  and  N2.  The  substrate  is  also  RF  biased  during  this  operation. 
Following  a short  period  of  pre- sputtering,  the  substrate  is  moved  into  the  normal 
sputtering  position  for  6 seconds,  after  which  the  power  is  shut  off.  The  deposition  rate 
for  thick  NbTiN  layers  made  under  the  same  conditions  is  40  nm/min. 


Fig.  1 Photograph  of  an  NbTiN  HEB  device.  The  width  of  the  element  is  8 |im.  The 
distance  between  the  normal  electrodes  is  about  1 pm.  This  photo  is  taken  on  an  optical 
microscope  looking  from  the  back  side  of  the  quartz  substrate. 
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d)  The  NbTiN  thin  film  is  next  patterned  by  using  Reactive  Ion  Etching. 

e)  The  normal  metal  electrodes,  which  also  form  the  IF  filters,  are  deposited  after  a brief 
ion  beam  cleaning  of  the  NbTiN  surface.  The  electrodes  consist  of  5 nm  of  titanium  and 
30  nm  of  gold,  and  are  patterned  using  a lift-off  technique  with  optical  lithography. 

The  length  of  our  HEB  devices  is  about  1 pm.  In  order  to  provide  a range  of  impedances, 
we  have  fabricated  HEB  devices  of  variable  width,  from  2 to  12  pm.  Fig.  1 shows  a typical 
device  which  is  8 pm  wide. 


III.  Device  Characteristics 

As  a result  of  the  short  deposition  time  of  the  NbTiN  thin  film  and  the  deposition 
process,  the  thickness  of  the  film  is  not  uniform  over  the  whole  wafer.  We  estimate  that  the 
thickness  of  the  film  is  about  5 nm  on  average.  The  resistance  ratio  R20/R300  is  typically 
1.14.  The  critical  current  density  is  about  1 MA/cm~  and  the  sheet  resistance  of  the 
finished  device  varies  between  850  and  1 1 50  Q./ 


Temperature  (K) 

Fig.  2 Resistance  - Temperature  curve  of  a typical  NbTiN  HEB  device  around  the 
critical  temperature. 


255 


I2'h  International  Symposium  on  Space  Terahertz  Technology 


The  Resistance  - Temperature  curve  of  a typical  device  is  plotted  in  Fig.  2.  It  can  be 
seen  that  the  critical  temperature  of  the  device  is  aboil  1 0 K and  that  the  R-T  curve  has  a 
long  tail  on  the  high  temperature  side.  The  reason  for  this  non-ideal  behavior  is  not  yet 
understood. 

To  determine  the  IF  bandwidth  of  the  NbTiN  mixers,  we  have  performed  heterodyne 
mixing  experiments  with  two  phase-locked  600  GHz  sources,  one  used  as  a signal  source 
and  one  as  an  LO  source.  The  signal  power  and  frequency  were  kept  constant  as  the  IF  was 
varied  between  0.5  and  7 GHz  by  tuning  the  LO  source  and  regulating  the  LO  power  to 
maintain  a fixed  operating  point.  The  results  are  summarized  in  Fig.  3,  where  it  can  be  seen 
that  the  3-dB  IF  bandwidth  varies  with  the  applied  bias  voltage.  For  a bias  of  1 mV,  the 
measured  bandwidth  is  1 .7  GHz.  It  rises  to  1 .9  GHz  at  2 mV  bias,  and  2.5  GHz  at  a bias  of 
4 mV.  These  values  are  marginally  better  than  the  data  from  NbN  HEB  deposited  directly 
on  crystalline  quartz  [6]. 


Fig.  3 IF  Gain  Bandwidth  measurement  of  NbTiN  HEB  mixers  operating  at  around  600 
GHz.  The  solid  curves  are  the  best  fit  single  pole  roll-off  response  for  each  bias  voltage 
setting.  Note  that  the  curves  are  shifted  vertically  relative  to  each  other  for  display 
purposes  only.  The  3-dB  rollover  frequencies  are  marked  by  arrows.  The  error  of  the  fit  is 
about  0.2  GHz. 
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IV.  Noise  Measurement 

NbTiN  mixer  chips  were  installed  in  our  fixed-tuned  waveguide  mixer  block  for  noise 
measurement  using  the  standard  Y-factor  technique.  This  setup  has  been  described 
previously  [7].  The  IF  center  frequency  is  1 .5  GHz  and  the  bandwidth  is  100  MHz.  At  630 
GHz,  a 12  pm  wide  device  gives  a Y-factor  of  1.65  at  a bias  voltage  of  3 mV  Both  the 
pumped  and  unpumped  Current- Voltage  characteristics,  as  well  as  the  receiver  output  in 
response  to  the  hot  and  cold  loads,  are  recorded  in  Fig.  4.  Note  that  the  maximum  receiver 
output  power  occurs  at  a bias  voltage  of  2.3  mV 


Fig.  4 Current-voltage  characteristics  of  a 12  pm  wide  NbTiN  HEB  mixer,  with  and 
without  LO  drive  at  630  GHz.  Also  shown  is  the  receiver  IF  power  as  a function  of  bias 
voltage  in  response  to  hot  (295K)  and  cold  (77K)  bads.  A maximum  Y-factor  is  recorded 
at  a bias  voltage  of  3 mV  and  a bias  current  of  1 1 5 pA. 


A number  of  600  GHz  chips  have  been  tested.  The  results  at  636  GHz  are  summarized 
in  Table  I.  The  measured  data  show  that  the  performance  improves  as  the  resistance  of  the 
mixer  is  reduced.  This  is  in  line  with  our  waveguide  embedding  impedance  of  about  40 
ohms.  Also,  since  the  optimal  bias  point  is  about  3.5  mV,  the  achievable  IF  bandwidth 
should  be  close  to  2.5  GHz. 
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Device 

Width 

Utm) 

Normal 

State 

Resistance 

(ft) 

Critical 

Current 

(HA) 

DSB 

Noise  Temp. 
(K) 

Estimated 

DSB 

Conversion 
Loss  (dB) 

Optimum 
Bias  Point 

5 

170 

255 

525 

-9 

3.5  mV,  65  pA 

8 

110 

330 

445 

-8 

3.5  mV,  95  pA 

12 

95 

500 

375 

-7 

3.8  mV  130  pA 

12 

80 

600 

270 

-6 

3 mV,  115  pA 

Table  I DC  Characteristics  and  RF  performance  measured  at  636 
GHz  of  different  NbTiN  HEB  mixer  chips.  Length  of  device  is  1 pm. 


Fig.  5 Double-side-band  receiver  noise  temperature  measured  for  two  600  GHz  and  one 
800  GHz  NbTiN  mixer  chips. 
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The  frequency  response  of  the  NbTiN  mixers  has  also  been  measured  for  both  600  and 
800  GHz  chips.  Fig.  5 shows  the  measured  noise  temperature  as  a function  of  frequency  for 
two  600  GHz  chips  and  one  800  GHz  chip.  The  results  show  that  a sensitivity  of  about  1 0 
hv/k  is  achieved  in  the  600  GHz  band. 

The  receiver  is  also  extremely  stable  and  its  performance  is  highly  repeatable.  Once 
the  system  is  well  aligned,  amplitude  fluctuations  of  the  IF  power  output  are  very  small 
over  time  scales  of  minutes.  In  a typical  hol/cold  load  measurement,  the  measured  Y- factor 
is  repeatable  to  better  than  1 %.  From  the  direct  power  measurements,  we  believe  that  the 
receiver  amplitude  stability  is  < 0.004.  This  is  comparable  to  SIS  receivers,  and  far  better 
than  most  other  HEB  receivers. 


V.  Field  Testing 

Last  year,  we  deployed  an  NbN  based  HEB  receiver  at  the  Submillimeter  Telescope 
on  Mount  Graham,  Arizona  for  use  primarily  in  the  800  - 900  GHz  atmospheric  window. 
That  receiver  was  used  in  the  first  ground-based  heterodyne  detection  of  a celestial  source 
above  1 THz  [8],  This  year,  we  have  substituted  the  NbN  mixer  with  an  800  GHz  NbTiN 
HEB  mixer.  According  to  measurements  taken  at  the  telescope,  the  NbTiN  receiver  has  a 
noise  temperature  of  about  850  K at  8 1 0 GHz,  similar  to  the  performance  of  the  NbN  based 
HEB  receivers  installed  on  the  telescope  during  the  two  previous  years  [6,9],  To 
demonstrate  the  true  heterodyne  performance  of  tfiis  NbTiN  receiver,  we  have  measured 
the  emission  spectra  of  CO  (7 — 6)  in  an  astronomical  source,  IRC+10216.  The  observed 
spectrum  is  recorded  in  Fig.  6. 


VI.  Conclusion 


NbTiN  thin  films  deposited  on  crystalline  quartz  substrate  with  an  AIN  buffer  layer 
have  successfully  been  used  in  a phonon-cooled  HEB  mixer.  The  3-dB  IF  bandwidth  of  this 
mixer  is  about  2.5  GHz.  The  mixer  chips  have  been  incorporated  in  a fixed-tuned 
waveguide  receiver  which  exhibits  very  good  noise  performance  in  the  600  and  800  GHz 
frequency  bands,  close  to  8 hv/k  at  630  GHz.  This  receiver  has  good  gain  stability  and  is 
currently  being  used  for  astronomical  observations  at  the  Sub- Millimeter  Telescope  in 
Arizona. 
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Fig.  6 CO  (7 — 6)  emission  spectrum  recorded  by  the  NbTiN  HEB  receiver  at  a signal 
frequency  of  806.65  GHz.  The  astronomical  source,  IRC+10216,  was  at  an  elevation 
angle  of  69  degrees  during  the  observation.  The  total  system  noise  temperature  was 
estimated  to  be  7700  K and  the  atmospheric  opacity  at  zenith  was  1.2.  The  integration 
time  was  4.2  minutes. 
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ABSTRACT 

Based  on  the  excellent  performance  of  NbN  HEB  mixer  receivers  at  THz 
frequencies  which  we  have  established  in  the  laboratory,  we  are  building  a Terahertz 
REceiver  with  NbN  HEB  Device  (TREND)  to  be  installed  on  the  1 .7  meter  diameter 
AST/RO  submillimeter  wave  telescope  at  the  Amundsen/Scott  South  Pole  Station.  TREND 
is  scheduled  for  deployment  during  the  austral  summer  season  of  2002/2003.  The 
frequency  range  of  1.25  THz  to  1.5  THz  was  chosen  in  order  to  match  the  good  windows 
for  atmospheric  transmission  and  interstellar  spectral  lines  of  special  interest.  The  South 
Pole  Station  is  the  best  available  site  for  THz  observations  due  to  the  very  cold  and  dry 
atmosphere  over  this  site.  In  this  paper,  we  report  on  the  design  of  this  receiver.  In 
particular,  we  report  measured  beam  patterns  and  polarization  sensitivity  at  THz 
frequencies  for  a log-periodic  antenna/lens  combination,  accurate  measurements  of  the 
frequencies  of  two  laser  lines  which  are  suitable  for  two  of  the  spectral  lines  of  greatest 
interest  (Nil  and  CO),  as  well  as  the  mixer  block  design  and  other  aspects  of  the  design  of 
the  receiver  system. 
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We  will  describe  the  work  done  so  far  on  the  TREND  project,  which  will  build  and 
install  a low-noise  THz  receiver  on  the  1.7  meter  diameter  AST/RO  submillimeter  wave 
telescope  at  the  South  Pole.  Most  of  the  work  has  dealt  with  issues  such  as  the 
development  of  a laser  local  oscillator,  and  characterizing  the  quasi-optical  lens/antenna 
system  in  order  to  match  it  to  the  telescope.  We  plan  to  begin  installing  the  receiver  in  the 
fall  of  2002,  and  commence  observations  during  the  austral  winter  of  2003. 

H.  SITE  CONSIDERATIONS 

Terahertz  astronomy  will  eventually  be  pursued  with  the  help  of  HEB  low-noise 
receivers  from  platforms  in  space  (FIRST),  or  in  the  upper  atmosphere  (SOFIA,  balloons). 
Until  that  time,  it  is  important  to  gain  experience  of  this  new  technology  by  installing  and 
employing  HEB  receivers  on  ground-based  telescopes  at  the  best  available  sites.  It  has 
only  recently  been  realized  that  observations  above  1 THz  are  feasible  at  such  sites.  One 
can  also  support  an  argument  in  favor  of  continuing  the  use  of  such  receivers  on  ground 
based  telescopes  in  the  future,  given  the  fact  that  they  can  be  dedicated  to  specific  tasks 
for  longer  periods  of  time  compared  with  facilities  such  as  SOFIA  or  FIRST,  and  that 
larger  diameter  telescopes  are  feasible,  such  as  the  proposed  10  meter  telescope  at  the 
South  Pole  Station  [1],  Presently,  the  1.7  meter  diameter  AST/RO  submillimeter  wave 
telescope  is  operated  at  the  South  Pole  by  the  Smithsonian  Astrophysical  Observatory  [2], 
and  has  been  successfully  used  up  to  the  800  GHz  (350  pm)  window  for  several  years  (see 
for  example  the  paper  by  C.  Walker  et  al.  at  this  symposium  [3]). 

The  Antarctic  Plateau,  with  an  altitude  of  2847  meters,  is  unique  among 
observatory  sites  for  unusually  low  wind  speeds,  absence  of  rain,  and  an  extremely  cold 
and  dry  atmosphere.  The  median  Precipitable  Water  Vapor  (PWV)  value  is  less  than  0.3 
mm  during  the  austral  winter  season.  Available  atmospheric  models  can  be  used  with  the 
measured  amount  of  PWV  to  predict  the  atmospheric  transmission  in  two  windows  near 
wavelengths  of  about  200  pm,  occurring  from  about  1.25  THz  to  1.4  THz,  and  from  1.45 
THz  to  1.6  THz  [4],  Expected  median  transparency  at  frequencies  corresponding  to 
important  spectral  lines  is  from  5 % to  1 1 %,  and  on  unusually  good  days  may  reach 
values  2 or  3 times  higher  than  this.  Fourier  transform  spectrometer  measurements  were 
performed  in  this  frequency  range  at  another  site,  Chajnantor  in  the  Atacama  desert, 
Northern  Chile,  planned  for  the  ALMA  millimeter  array.  These  measurements  show 
similar  atmospheric  transparency  and  confirm  the  above  model  predictions.  However,  the 
good  conditions  for  THz  observations  at  the  South  Pole  are  available  more  often  than  in 
the  Atacama  desert  and  for  more  extended  periods  of  time.  The  Chajanantor  measurements 
are  shown  in  Figure  1 [5],  It  is  clear  that  installing  a low  noise  THz  receiver  at  the  South 
Pole  site  is  thus  well  justified. 

We  have  identified  three  spectral  lines  in  the  above  atmospheric  windows,  which 
are  of  special  interest:  (i)  Nil  (singly  ionized  nitrogen)  at  1461.3  GHz  (205  pm),  the 
second  strongest  spectral  line  overall  in  a typical  galaxy  (only  CB  at  156  pm  is  stronger); 
NH  should  be  ubiquitous  in  the  interstellar  medium  (ISM)  of  our  galaxy,  especially  its 
warm  ionized  component;  (ii)  H2D+  at  1370.0853  GHz,  an  important  probe  for  gas  phase 
chemistry;  and  (iii)  the  J=  1 3 — > 1 2 and  J=1 1— >10  lines  of  CO;  the  latter  line  is  at  1267.014 
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GHz.  It  is  important  to  observe  higher  order  CO  lines,  and  compare  these  with  the  well- 
studied  millimeter  lines  of  CO  in  warmer,  denser  sources.  The  locations  of  the  spectral 
lines  for  the  above  three  species  relative  to  the  atmospheric  transmission  spectrum  are 
marked  in  Figure  1 . 


1200  1400  1600 


Figure  1.  Atmospheric  transmission  from  1,200  GHz  to  1,600  GHz  at  Chajnantor  on  a day 
with  very  low  humidity,  FTS  measurement  by  SAO  Submillimeter  Receiver  Lab.  [5] 

ID.  RECEIVER  DESIGN 

A.  General  considerations 

Waveguide-coupled  NbN  HEB  mixers  have  been  used  on  astronomical  telescopes  up 
to  1.04  THz  [6]  and  have  proven  to  be  easy  to  operate  in  this  environment.  For  the  200  pm 
window,  we  will  make  use  of  quasi-optical  coupling  as  in  most  laboratory  experiments 
with  HEB  mixers.  The  lowest  receiver  noise  temperatures  measured  so  far  at  about  1.5 
THz  are  500  K [7]  and  650  K [8].  NbN  HEB  mixers  are  also  very  insensitive  to  changes  in 
bias  conditions  and  LO  power  and  should  be  easy  to  adapt  to  the  observing  logistics  at 
AST/RO,  where  all  observations  in  the  Austral  winter  season  are  performed  by  a single 
Post-doctoral  scholar  operator.  Whereas  multiplier  LO  sources  are  expected  to  be  available 
in  the  future,  a laser  was  chosen  for  TREND,  since  it  is  a mature  technology  in  the  THz 
regime  and  will  lend  itself  well  to  a future  upgrade  of  the  system  incorporating  a multi- 
pixel focal  plane  array.  Laser  sources  can  also  be  made  tunable  over  +/-  100  GHz  by  using 
Sideband  Generator  Technology  [9]. 
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B.  Active  Device 


Phonon-cooled  HEB  mixers  are  typically  fabricated  from  NbN  films  on  either  silicon 
or  MgO  substrates.  The  MgO  substrate  has  the  advantage  that  the  phonon  transmission 
probability  is  higher  than  for  NbN  on  silicon.  Since  the  phonon  escape  time  contributes 
substantially  to  the  thermal  time-constant  of  NbN  bolometers,  NbN  mixers  on  MgO  have 
wider  IF  bandwidth  for  a given  NbN  film  thickness,  t.  There  is  also  some  evidence  that 
NbN/MgO  devices  may  yield  lower  receiver  noise  temperature  [8],  We  are  testing  films  on 
both  substrates  and  expect  to  choose  the  one  which  yields  the  lowest  receiver  noise 
temperature  for  the  TREND  receiver.  The  IF  (conversion  gain)  bandwidth  is  typically  3 
GHz  for  NbN/silicon,  and  up  to  4.8  GHz  for  NbN/MgO  [10],  It  is  important  to  note  that 
the  receiver  noise  bandwidth  is  about  twice  these  numbers.  As  explained  in  section  D 
below,  we  expect  to  be  able  to  accommodate  the  three  target  spectral  lines  within  an  IF 
band  of  about  1 .3  GHz  to  2.3  GHz;  the  IF  bandwidth  thus  poses  no  problem  for  either 
material  combination.  Future  needs  for  other  spectral  lines  which  yield  IF  frequencies  up 
to  5 to  6 GHz  can  easily  be  satisfied  as  well,  with  a change  of  IF  amplifier.  Present  devices 
are  1 (xm  x 5 (j.m  and  are  fabricated  with  UV  lithography.  Smaller  devices  can  be  made 
with  e-beam  lithography.  Both  processes  are  much  simpler  than  the  one  required  for 
diffusion-cooled  HEBs. 

C.  Quasi-Optical  Coupling 

In  our  NbN  HEB  development  work  [7],  we  have  made  use  of  a quasi-optical  coupling 
scheme  consisting  of  a 4 millimeter  diameter  elliptical  silicon  lens,  coupled  to  a self- 
complementary toothed  log-periodic  antenna  on  a silicon  substrate,  see  Figure  2.  The  log- 
periodic  antenna  has  a (design)  bandwidth  from  about  300  GHz  to  3.5  THz.  The  dielectric 
constant  of  MgO  is  very  similar  to  that  of  silicon  and  it  has  been  shown  that  devices  on 
MgO  substrates  perform  well  with  silicon  lenses  without  modification  [8].  Since  the 
required  RF  bandwidth  for  TREND  is  only  1.25  THz  to  1.5  THz,  we  have  designed  an 
alternative  double-slot  antenna  and  plan  to  use  this  antenna  if  it  yields  the  same  or  a lower 
receiver  noise  temperature.  Our  NbN  HEB  mixers  do  not  saturate  on  the  total  thermal 
noise  picked  up  by  the  antenna.  Moreover,  choosing  a double-slot  antenna  with  a narrower 
bandwidth  than  the  log-periodic  antenna  makes  the  receiver  even  less  sensitive  to 
saturation  and  direct  detection  effects.  We  will  make  use  of  a parylene  AR  coating  in  order 
to  reduce  the  receiver  noise  temperature  by  about  30  %,  as  described  in  [1 1], 

The  beamwidth  of  the  quasi-optical  system  is  determined  primarily  by  the  diameter  of 
the  elliptical  lens  and  has  been  measured  by  using  a new  method.  The  beam  of  a THz  laser 
was  expanded  until  it  had  a diameter  of  5 cm  (at  the  -3  dB  level).  The  laser  beam  was 
injected  through  the  window  of  the  dewar  onto  the  elliptical  lens  using  a plane  mirror 
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Figure  2.  The  logperiodic  antenna  coupled  to  the  silicon  lens 

close  to  the  dewar.  The  mirror  could  be  turned  in  both  the  horizontal  and  the  vertical 
plane,  thereby  changing  the  angle  of  incidence  of  the  entire  laser  beam.  The  change  in  the 


Figure  3.  The  radiation  pattern  in  the  H-plane  for  the  log-periodic  antenna/lens 
combination,  measured  at  1.56  THz. 


266 


12,h  International  Symposium  on  Space  Terahertz  Technology 


actual  angle  of  incidence  at  the  position  of  the  silicon  lens  can  be  calculated  from  the  angle 
by  which  the  mirror  is  turned  if  one  knows  the  location  of  the  center  of  curvature  of  the 
incident  laser  beam.  This  was  determined  by  making  accurate  scans  of  the  laser  beam  in 
planes  at  different  distances  from  the  dewar.  These  scans  were  performed  by  translating  a 
small  hole  coupler  with  a sensitive  bolometer  detector  behind  it  across  the  beam.  The  beam 
scans  also  determined  the  amplitude  variation  over  the  cross-section  of  the  beam.  The  laser 
operated  in  a good  single  mode,  and  thus  emitted  a gaussian  beam,  as  verified  by  the  beam 
scans.  The  HEB  device  was  used  in  the  direct  detector  mode  for  these  experiments.  Apart 
from  this,  the  device  and  the  lens/antenna  were  identical  to  what  is  used  for  the  HEB 
mixer  receiver.  The  operating  temperature  was  8.43  K and  the  device  was  brought  to  an 
electron  temperature  about  equal  to  the  critical  temperature  (9.5  K)  by  applying  a DC  bias 
current  of  70  |xA.  The  laser  power  was  attenuated  until  tests  showed  that  the  detector 
operated  in  its  linear  region.  The  responsivity  (up  to  2,400  WW)  and  NEP  (1  x 10'“ 
W/Hzl/2)  were  sufficient  for  measuring  the  radiation  pattern  down  to  about  20  dB  below 
the  peak.  Further  details  of  this  method  will  be  published  separately  [12],  [13], 

The  3 dB  beamwidth  was  determined  to  be  3.4  degrees  at  1.56  THz  and  2.15 
degrees  at  2.24  THz.  Figure  3 shows  the  radiation  pattern  of  the  system  at  1 .56  THz  in  the 
H-plane.  Note  that  there  are  no  sidelobes  down  to  the  -20  dB  level.  The  E-plane  pattern  is 
very  similar.  The  beamwidth  will  be  matched  to  the  beam  of  the  AST/RO  telescope  in  the 
plane  used  for  installing  receivers.  The  TREND  mixer  block  and  IF  amplifier  will  be 
housed  in  an  existing  dewar  together  with  a 492  GHz  SIS  receiver  system.  Both  will  be 
able  to  observe  simultaneously  by  using  a polarization  splitter. 


Relati\e  gain 
0 


Figure  4.  Polarization  sensitivity  of  the  log-periodic  antenna  measured  at  1 .56  THz. 


We  also  measured  the  polarization  sensitivity  of  the  log-periodic  antenna,  which  has  not 
been  documented  in  the  THz  region  before.  As  is  known  from  measurements  at  millimeter 
waves  [14],  the  angle  of  polarization  which  yields  the  maximum  response  varies 
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periodically  with  the  frequency.  We  confirmed  this  by  measurements  at  two  different 
wavelengths.  The  polarization  response  in  Figure  4 was  measured  at  1.56  THz.  The  2.24 
THz  polarization  response  "lobe"  peaked  at  an  angle  which  was  about  45  degrees  from  the 
one  at  1.56  THz,  but  was  also  wider.  The  log-periodic  antenna  measured  at  millimeter 
wavelengths  in  [14]  also  had  five  teeth  on  each  side,  and  can  be  scaled  in  size  to  ours, 
while  scaling  the  frequency  by  the  same  factor.  One  then  finds  that  our  measurements 
were  performed  at  a (normalized)  frequency  higher  than  the  highest  frequency  used  at 
millimeter  waves.  We  can  therefore  not  do  a direct  comparison,  but  qualitatively  the  same 
features  of  polarization  for  maximum  response  which  depends  on  frequency  remain. 

D.  Local  Oscillator 

A common  source  of  LO  power  for  THz  HEB  mixers  operated  in  the  laboratory  is  a 
C02  laser  pumped  gas  laser.  By  choosing  various  combinations  of  C02  pump  laser 
frequencies  and  submillimeter  laser  gas,  an  enormous  choice  of  discrete  submillimeter 
laser  frequencies  is  available.  Each  of  these  laser  lines  is  typically  tunable  over  a small 
frequency  range  of  from  2-20  MHz.  The  spacing  between  the  laser  lines  tends  to  be  on  the 
order  of  a few  GHz,  and  it  should  thus  in  principle  be  possible  to  match  a specific 
interstellar  spectral  line  close  enough  to  be  within  the  band  of  a typical  IF  amplifier.  One 
complication  is  that  the  reference  literature  lists  the  absolute  frequency  of  most  of  these 
lines  to  an  accuracy  of  only  a few  GHz.  This  is  due  to  the  optical  technique  usually  used  to 
measure  the  wavelength.  A case  in  point  is  the  Nil  line  planned  for  the  TREND  receiver  at 
1461.3  GHz.  The  closest  laser  line  appeared  to  be  one  due  to  CD3OH,  pumped  by  the 
10P36  C02  line,  with  a listed  wavelength  of  205.8  pm.  This  wavelength  converts  to  a 
frequency  of  1456.7  GHz,  and  would  result  in  an  IF  of  4.6  GHz.  An  accurate  frequency 
measurement,  described  below,  determined  that  this  laser  line  occurs  instead  at  1459.3913 
GHz,  yielding  a quite  different  IF  of  1 .7  GHz. 

The  much  more  accurate  technique  we  used  for  measurement  of  the  laser 
frequency  was  to  heterodyne  the  laser  frequency  with  a calibrated  local  oscillator  (LO  ). 
The  easiest  way  to  obtain  a calibrated  THz  LO  source  is  to  drive  a submillimeter  mixer 
with  a low  frequency  source  which  generates  harmonics  internally  which  will  mix  with  the 
laser  producing  a number  of  IF  products.  The  frequency  products  found  at  the  IF  are 
described  by 


f[F  = m fRF  ± n fLO  (0 

where  fRF  is  the  laser  frequency,  n fLO  is  the  nth  harmonic  of  the  frequency  synthesizer, 
and  fIF  is  the  intermediate  beat  frequency. 

The  frequency  of  the  CD3OH  line  was  measured  at  the  UMass/Lowell 
Submillimeter- Wave  Technology  Laboratory  (STL)  using  an  existing  receiver  designed  to 
operate  over  the  range  of  145  - 175  GHz.  Despite  being  designed  for  a much  lower 


' The  use  of  the  term  "LO"  in  this  section  refers  to  the  multiplied  signal  used  for  frequency  reference, 
whereas  in  the  rest  of  the  text,  "LO”  is  used  for  the  laser  source  itself. 
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frequency,  this  receiver  proved  able  to  conveniently  measure  laser  frequencies  in  the  THz 
range.  The  receiver  uses  an  LO  multiplied  up  from  10  GHz  consisting  of  a quadrupler 
followed  by  an  amplifier  and  a doubler  producing  a few  mW  at  80  GHz  to  drive  the 
receiver’s  balanced  mixer  at  the  2nd  harmonic  (160  GHz).  Higher  order  harmonics  of  the 
LO  (i.e  240  GHz  ± 22.5,  320  GHz  ± 30,  400  GHz  ± 37.5...)  generated  within  the  mixer 
should  mix  with  higher  frequency  RF  sources  to  produce  beat  frequencies  which  if  within 
the  IF  detection  bandwidth  may  be  strong  enough  to  measure.  For  example,  the  1 8th 
harmonic  of  81  GHz  is  1458  GHz  could  be  mixed  with  the  1456.7  GHz  line  to  produce  an 
IF  within  the  operating  range  of  this  mixer. 

A diagram  of  the  measurement  setup  is  shown  in  figure  5.  The  laser  radiation  was 
coupled  into  the  mixer  using  a fast  off-axis  parabolic  mirror  to  focus  the  energy  down  to  a 
waist-size  comparable  to  the  input  waveguide  dimensions.  The  laser  power  at  the  mixer 
was  measured  at  1-2  mW.  The  mixer  input  was  a simple  smooth  conical  hom.  The 
spectrum  analyzer  sweep  width  was  set  to  100  MHz  during  the  search  phase.  The 
resolution  BW  of  the  spectrum  analyzer  was  set  to  10  KHz  to  offer  the  lowest  practical 
noise  floor  and  sweep  speed. 


Figure  5.  Diagram  of  the  setup  used  for  measurement  of  THz  laser  frequencies 

To  perform  the  measurement,  the  synthesizer  was  set  to  generate  a harmonic 
output  within  3 GHz  of  the  estimated  laser  frequency.  The  synthesizer  was  adjusted  until  a 
beat  with  the  laser  was  detected  on  the  spectrum  analyzer.  The  laser  was  then  tuned  over 
its  gain  bandwidth  to  determine  the  band  edges  and  then  tuned  to  the  estimated  center  of 
the  line.  The  synthesizer  was  adjusted  to  tune  the  beat  to  exactly  3 GHz.  As  a final  check, 
the  LO  was  shifted  by  6 GHz  to  check  for  a 3 GHz  beat  with  the  other  sideband.  Although 
the  measurement  system  was  determined  to  be  accurate  to  much  better  than  one  MHz,  the 
uncertainty  in  the  laser  line  center  determines  the  ultimate  measurement  accuracy. 
Accurate  frequencies  of  many  other  laser  lines  have  been  determined  previously,  but  the 
techniques  employed  have  been  much  more  laborious  than  the  one  we  used  here.  In  order 
to  explore  the  accuracy  and  limits  of  out  technique,  we  measured  previously  measured 
lines  in  CH3OH  up  to  3.1  THz  and  found  excellent  agreement  with  the  published 
frequencies.  The  signal-to-noise  ratio  (S/N)  in  the  measurement  of  the  1459.361  GHz  line 
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(after  optimization)  was  as  high  as  30  dB,  as  is  evident  from  the  spectrum  analyzer 
recording  in  Figure  6.  Even  at  3.1  THz,  a S/N  - 10  dB  was  obtained. 


As  a practical  note,  it  appears  that  the  accurate  frequency  of  any  laser  line  to  be  used 
for  THz  heterodyne  astronomy  needs  to  be  determined  by  an  actual  measurement,  unless 
such  data  is  available  in  the  literature.  On  the  other  hand,  once  the  frequency  is  known,  the 
laser  can  be  tuned  to  its  maximum  power,  which  establishes  the  absolute  frequency  to 


Figure  6.  Beat  frequency  between  the  CD3OH  laser  and  the  frequency  measurement 
receiver,  recorded  on  a spectrum  analyzer. 

within  about  1 MHz,  without  the  need  for  using  a multiplier  chain  to  control  the 
frequency. 

The  CD3OH  laser  line  also  demonstrates  some  of  the  other  constraints  on  obtaining  a 
laser  local  oscillator  at  any  specific  THz  frequency.  It  was  operated  at  STL  with  a 
maximum  output  power  of  about  2 mW.  This  required  a quite  large  amount  of  C02  laser 
pump  power  (70  W),  however,  and  lasing  was  only  obtained  when  a very  small  (1  mm 
diameter)  hole  coupler  was  used,  indicating  low  laser  gain  for  this  particular  line.  Because 
the  center  of  the  C02  pump  laser  line  (10P36)  is  offset  from  the  center  of  the  CD3OH  line 
to  be  pumped  by  apparently  more  than  50  MHz,  the  laser  cannot  be  operated  at  the 
optimum  pump  frequency,  since  this  was  outside  the  free  spectral  range  of  the  pump  laser. 
This  appears  to  explain  the  lower  than  normal  gain.  We  are  working  with  DEOS,  Inc.  to 
design  a laser  which  can  yield  sufficient  THz  power  output  while  being  pumped  by  a 
smaller  C02  laser,  appropriate  for  being  installed  at  the  South  Pole  site. 

CD3OH  has  a second  line  which  we  also  operated  at  STL  and  measured  to  be  at 
1265.513  GHz.  This  line  matches  that  of  the  J = 11->10  transition  of  CO,  with  a 
conveniently  low  IF  of  1.5  GHz.  There  is  no  equally  good  match  for  the  J = 13  -»  12  CO 
transition.  We  have  not  yet  settled  on  the  optimum  laser  line  for  H2D+. 
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E.  Mixer  block  and  biasing 

We  have  designed  a new  mixer  block  which  can  directly  replace  another  mixer  block 
presently  mounted  in  the  designated  dewar  at  the  AST/RO  facility.  The  mixer  block  will 
contain  the  lens,  the  substrate  on  which  the  NbN  device  and  the  antenna  have  been 
fabricated,  and  a circuit  board  which  supplies  the  DC  bias  and  connects  the  mixer  to  the  IF 
amplifier.  Figure  7 shows  the  present  configuration  of  the  circuit  board,  which  is 
compatible  with  the  wiring  for  the  SIS  mixer  to  be  replaced.  We  are  studying  different 
versions  of  connecting  a stabilizing  resistor,  as  described  in  greater  detail  in  another  paper 
at  this  symposium  [15].  We  have  shown,  for  example,  that  a series  resistor  in  the  bias  lead 
of  about  6 to  20  ohms  (depending  on  the  individual  device)  will  stabilize  the  device  even 
in  its  negative  resistance  region  (without  LO  power). 


Figure  7.  Bias/IF  circuit  for  the  TREND  NbN  receiver 
IV.  FUTURE  EXTENSIONS 

Given  the  availability  of  the  laser  LO  at  the  AST/RO  site,  sufficient  LO  power  is 
available  such  that  future  extensions  to  THz  focal  plane  arrays  are  possible.  Such  arrays 
will  also  include  MMIC  IF  amplifiers  integrated  with  the  HEB  mixers/antennas,  which 
will  be  developed  under  a new  grant  from  the  NASA  Cross-Enterprise  Technology 
Development  program.  We  also  plan  to  develop  a capability  for  NbN  film  fabrication  in 
collaboration  with  NIST/Boulder.  This  capability  will  benefit  future  implementation  of 
NbN  HEB  mixer  receivers  for  THz  astronomy. 
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Abstract  The  local  oscillator  power  required  for  NbN  hot-electron 
bolometric  mixers  (P lo)  was  investigated  with  respect  to  mixer  size,  critical 
temperature  and  ambient  temperature.  PL0  can  be  decreased  by  a factor  of 
10  as  the  mixer  size  decreases  from  4x0.4  |im2to  0.6x0.13  pm2.  For  the 
smallest  volume  mixer  the  optimal  local  oscillator  power  was  found  to  be 
15  nW.  We  found  that  for  such  mixer  no  signal  compression  was  observed 
up  to  an  input  signal  of  2 nW  which  corresponds  to  an  equivalent  input 
load  of  20,000  K.  For  a constant  mixer  volume,  reduction  of  Tc  can 
decrease  optimal  local  oscillator  power  at  least  by  a factor  of  2 without  a 
deterioration  of  the  receiver  noise  temperature.  Bath  temperature  was  found 
to  have  minor  effect  on  the  receiver  characteristics 


Introduction. 

Hot-electron  bolometric  (HEB)  mixers  are  the  most  sensitive  heterodyne  receivers 
at  frequencies  above  1 THz.  Their  all-planar  technology  allows  fulfillment  of  HEB  mixers 
in  both  waveguide  and  quasioptical  variants.  HEB  mixers  do  not  need  any  RF  or  IF 
matching  circuits.  That  is  very  important,  since  at  terahertz  frequencies  only  normal  metal 
can  be  used  for  such  circuits  and  it  would  cause  big  input  losses. 

HEB  mixers  work  at  a condition  when  superconducting  gap  is  suppressed  by  the 
radiation  of  the  local  oscillator  (LO)  and  effective  electron  temperature  is  equal  or  close  to 
Tc.  Under  such  circumstances  the  mixer  resistance  is  very  sensitive  to  the  oscillation  of  the 
electron  temperature  caused  by  the  beating  of  LO  and  RF  waves.  It  has  been  shown  that 
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that  phenomenon  is  frequency  independent  in  a wide  frequency  range,  from  MM  up  to  near 
IR  [1].  Relaxation  of  the  electron  temperature  can  occur  via  either  electron-phonon 
interaction  (phonon  cooling,  dominates  in  thin  dirty  superconducting  films)  or  heat  out- 
diffusion  (diffusion  cooling,  dominates  in  short  bridges  of  clean  superconducting  films). 

In  this  paper  we  consider  phonon-cooled  HEB  mixers  based  on  NbN  film.  DSB 
receiver  noise  temperature  for  such  mixers  is  from  650  K to  1100K  in  the  band  from 
1.6  THz  to  2.5  THz[2].  Receiver  noise  temperature  from  3000  to  8000  K was  measured  up 
to  5 THz  [3].  Stable  and  reliable  operation  of  NbN  HEB  mixers  has  been  proved  by  a set  of 
radio  telescope  sessions  [4],  A gain  bandwidth  of  4 GHz  is  achieved  at  the  most  sensitive 
bias  point  (while  noise  bandwidth  is  up  to  8 GHz),  but  can  be  extended  up  to  9 GHz  with 
larger  bias  voltages  [2,  5]. 

Unfortunately,  technology  of  tunable  solid  state  local  oscillators  (LO)  for  the 
terahertz  range  does  not  develop  so  fast.  Output  power  from  such  sources  decreases  rapidly 
with  frequency  (Fig.l).  That  is  an  obstacle  for  applications  in  satellite-based  receivers  and 
in  large  arrays.  It  brings  up  the  task  to  develop  mixers,  which  require  as  low  local  oscillator 
power  as  possible. 

It  has  been  reported  that  PLo  required  for  NbN  mixers  scales  with  the  mixer  volume 
and  mixers  with  PLO  of  100  nW  can  be  made  [6,  7,  8,  9].  For  this  mixers  1 dB  compression 
point  was  found  to  be  from  15  dB  to  25  dB  below  LO  power  level. 

In  this  paper  we  investigate  the  question:  which  mixers  or  operation  parameters 
have  the  strongest  effect  on  the  optimal  value  of  the  LO  power.  We  fabricated  a mixer 
which  requires  LO  power  not  more  that  15  nW  and  showed  that  no  saturation  occurs  up  to 
a load  temperature  of  20000  K.  The  investigation  was  performed  at  frequency  650  GHz. 


Device  fabrication  and  experimental  Set-up. 

HEB  mixers  were  fabricated  from  3.5  nm  superconducting  NbN  film.  NbN  films 
were  deposited  on  350  fim  thick  single  crystal  MgO  and  silicon  substrates  by  reactive  dc 
magnetron  spattering.  Details  about  NbN  film  deposition  and  device  fabrication  can  be 
found  in  [10,  11].  The  NbN  microbridge  was  placed  in  the  center  of  planar  spiral  antenna 
made  of  200  nm  gold  film.  NbN  bridge  size  was  from  4x0.4  pm2  to  0.6x0.13  pm2.  Device 
geometry  was  controlled  by  a scanning  electron  microscope. 

Experimental  set-up  is  presented  in  Fig.2.  Two  backward  wave  oscillators 
(650  GHz)  were  used  as  LO  and  RF  sources.  Variable  quasioptical  attenuators  allowed 
smooth  tuning  of  both  LO  and  RF  power.  12  pm  Mylar  film  served  as  a beam  splitter. 
Cryostat  vacuum  window  was  made  of  1 .2  mm  polyethylene.  250  pm  thick  Zitex  G108  was 
mounted  on  the  4.2  K shield  as  a ER  filter.  In  the  frequency  band  of  3 THz  (estimated  for 
the  spiral  antenna  used  in  the  experiment)  background  radiation  at  300  K is  of  the  order  of 
nanowatts.  So,  it  can  not  be  neglected  in  comparison  with  LO  power  for  the  smallest 
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mixers.  In  order  to  cut-off  the  background  radiation  a thin  layer  of  Ecosorb  was  attached  to 
4.2  K shield  just  behind  IR  filter.  Its  attenuation  was  at  least  17  dB.  Mixer  chip  was 
mounted  on  a 12mm  elliptical  silicon  lens  without  antireflection  coating.  The  intermediate 
frequency  (IF)  chain  consisted  of  bias-T,  isolator,  HEMT  low  noise  amplifier,  room 
temperature  amplifier  and  band-pass  filter.  IF  band  was  30  MHz  centered  at  1.5  GHz.  IF 

signal  was  measured  by  a microwave  power  meter. 


Local  oscillator  power 

The  absorbed  local  oscillator  power  was  measured  with  an  isothermal  technique 
[12]-  In  brief,  that  technique  is  based  on  the  assumption  of  the  equal  effect  of  both  PLO  and 
Pdc  on  the  mixer  dc  resistance  R^.  So,  for  a constant  resistance  line  (1=11/1^)  PLO  + Pd  is 
constant.  Therefore,  for  points  1 and  2 (Fig.7  a)  one  can  write  PdCiA=  Pdc  B+  pLO,  This 
technique  has  been  widely  used  for  the  estimation  of  the  absorbed  LO  power  for  HEB 
mixers.  But  we  have  to  note  that  the  error  of  about  20%  shall  be  assumed  for  this 
technique.  That  value  comes  from  the  scattering  of  PLO  data  obtained  for  the  same  mixer 
but  for  different  R<>  value.  Such  accuracy  was  also  confirmed  by  comparing  the  relative 
change  of  the  absorbed  P L0  (obtained  from  the  isothermal  technique)  for  the  mixers  with 
different  volume  and  the  change  of  the  attenuation  level  of  the  attenuator  1 (Fig.2).  Output 

power  of  BWO  1 corresponded  well  to  its  bias  conditions  and  was  the  same  through  all 
experiments. 

In  the  first  part  of  the  investigation  DSB  receiver  noise  temperature  was  measured 
as  a function  of  the  local  oscillator  power  at  the  bath  temperature  4.2  K.  Fig.3  (a  and  b) 
presents  the  data  for  mixers  with  the  same  size  4x0.4  pm2  but  different  critical  current 
density.  As  can  be  seen  the  optimal  value  of  PLO  can  be  reduced  by  a factor  of  2 just  using 
NbN  film  with  smaller  Tc,  and  therefore  smaller  jc.  For  both  mixers  minimum  of  the 
function  Tr(PL0)  was  quite  broad  and  deviations  of  P^  from  the  optimum  up  to  lO-s-15% 
did  not  cause  noticeable  change  of  the  mixer  performance.  Fig.3  demonstrate  that 
“underpumping”  of  the  mixer  with  LO  even  with  an  expense  of  an  increase  of  T did  not 
give  any  significant  benefit  for  P^.  For  the  sample  M12-2  at  the  optimum  bias  voltage 
(around  1 mV)  the  minimum  PL0  at  which  the  mixer  is  still  stable  for  superconducting 
oscillations  is  only  30%  of  the  optimum  PLO,  Sample  Ml 0-2  at  the  optimum  bias  voltage 
became  unstable  if  PL0  decreased  below  to  200  nW.  For  higher  bias  voltage  the  stable  mixer 
operation  was  possible  even  for  smaller  Plo.  But  as  it  can  be  seen  from  Fig.3  it  will  lead  to 
a degradation  of  the  mixer  performance. 

The  possibility  of  decreasing  of  PLO  for  smaller  Tc  of  NbN  film  seems  to  be  more 
interestmg  perspective.  As  it  can  be  seen  from  Fig.3  a decrease  of  Tc  did  not  lead  to  the 
degradation  of  the  receiver  sensitivity.  At  the  absolute  minimum  of  Tr  both  conversion 
efficiency  and  output  noise  temperature  was  about  the  same  for  both  mixers  (-12  dB  and 
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50  K).  We  compared  obtained  data  with  a uniform  heating  model  [13].  In  this  model  the 
local  oscillator  power  required  to  elevate  electron  temperature  to  Tc  depends  on  Tc  and  the 
mixer  volume: 


Plo  = 


3.6 


Te-T, 


1.6 


• V ■ (T"  - Tn  - n • T"”1  • ATC) 


(1) 


where  y=2.1102  J/(cm3K2)  is  Sommerfeld  constant,  xe=35  ps  is  electron  cooling  time 
(measured  for  3.5  nm  NbN  films  on  MgO  substrate  [5]),  V is  the  mixer  volume,  T is  the 
bath  temperature,  ATC  is  superconducting  transition  width,  n=3.6  is  a constant  determined 
for  NbN  film. 

For  the  mixer  size  4x0.4x0.0035  pm3,  and  Tc  values  of  9.5  K and  8 K PLO  from  (1) 
are  540  nW  and  260  nW  respectively.  So,  the  uniform  heating  model  can  describe  PL0 
behavior  and  we  will  confirm  it  once  more  by  the  next  data. 

Receiver  noise  temperature  and  absorbed  local  oscillator  power  was  also  measured 
for  the  mixer  Ml 2-2  at  different  bath  temperatures  (see  Fig.5).  We  should  note  that  the 
temperature  of  the  IF  chain  was  kept  unchanged,  i.e.  4.2  K.  During  the  experiment  the 
mixer  critical  current  was  measured  at  each  temperature  and  then  the  mixer  temperature 
was  estimated  from  [14]  (see  also  Fig.  4) 


IC(T)  = Ic(0) 


(2) 


The  validity  of  (2)  we  have  checked  for  one  of  the  sample. 

Solid  line  represents  Eq.l  that  is  in  a reasonable  agreement  with  experimental 
points.  So,  equation  (1)  was  found  to  describe  well  the  general  tendencies  of  the  optimal 
local  oscillator  power  with  respect  to  the  superconducting  critical  temperature  and  the  bath 


temperature. 

From  Fig.3  and  5 an  important  conclusion  can  be  made.  Reduction  of  Tc  from  9.5  K 
to  8 K leads  to  a decrease  of  jc  by  50%.  It  is  followed  by  a reduction  of  PLO  by  a factor  of  2 
but  the  mixer  sensitivity  is  not  affected.  On  contrary,  a suppression  of  jc  down  to  the  same 
value  by  means  of  higher  bath  temperature  does  not  lead  to  a noticeable  benefit  with  Plo. 
Although,  in  this  case  Tr  is  not  changed  much  too.  Further  suppression  of  jc  finally  lead  to 
the  drop  of  PLo  but  that  is  followed  by  a significant  increase  of  the  noise  temperature. 

As  a next  step  we  present  the  data  of  the  optimal  LO  power  for  mixer  with  different 
volumes  (Fig  6).  NbN  film  thickness  is  3.5  nm  for  all  mixers  and  the  mixer  volume  is 
represented  by  the  product  of  the  mixer  length  L by  the  mixer  width  W taken  in 
micrometers.  Therefore,  two  mixers  considered  just  before,  are  positioned  at  LAV— 1.6.  The 
smallest  mixer  had  the  size  0.6x0.13  pm2  and  the  local  oscillator  power  15  nW.  The  general 
tendency  is  a decrease  of  the  LO  power  as  the  mixer  volume  decreases.  The  scattering  of 
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the  data  is  connected  with  the  same  effect  which  we  have  discussed  in  Fig.3  (a,b),  i.e. 
different  critical  temperatures  and  therefore  critical  current  density  values.  For  the  same 
mixer  volume  the  heating  of  the  electrons  from  the  bath  temperature  up  to  Tc,  where  HEB 
mixers  have  the  best  sensitivity,  consumes  more  local  oscillator  power.  As  a measure  of  the 
required  local  oscillator  power  we  propose  to  introduce  a “volume  coefficient”  which 
equals  to  the  L W jC)  where  L and  W are  taken  in  micrometers  and  jc  is  taken  in  106  A/cm2. 
This  coefficient  can  be  calculated  from  a mixer  dc  parameters  and  then  an  expected  local 
oscillator  power  in  the  optimum  point  can  be  estimated.  As  it  can  be  seen  from  Fig.  6 b PLO 
is  a monotonous  function  of  the  volume  coefficient. 


Saturation  effects  in  NbN  HEB  mixers. 

As  it  can  be  seen  from  the  previous  chapter  the  requirement  for  LO  power  for  NbN 
HEB  mixers  can  be  substantially  decreased  with  small  volume  devices.  But  then,  as  it  has 
been  shown  [7],  the  dynamic  range  of  the  mixers  reduces  too.  In  this  chapter  we  present 
investigation  of  the  saturation  effects  for  different  volume  mixers. 


Table  1.  Parameters  of  the  mixers  used  for  saturation  measurements.  L and  W are  the  mixers 
length  and  width,  PL0  is  the  optimal  local  oscillator  power  absorbed  in  the  mixer  (obtained 
from  the  isothermal  technique),  Tllxuj  is  a equivalent  load  temperature  corresponded  to  3 dB 
compression  point. 


Sample 

LxW,  tun2 

Pio,nW 

3 dB  compression, 
nW 

Tload*  K 

Ml  0-4, 1 

2x0.3 

70 

2 

20,000 

2 

4 

40,000 

L10-2-2 

0.6x0.13 

15 

2 

20,000 

4 

40,000 

14.5 

5 

55,000 

For  this  purpose  we  choused  two  mixers  M10-4  and  L10_2_2  (see  also  Tab.l).  IV- 
curves  of  these  mixers  under  LO  radiation  are  presented  in  Fig.7a  and  8a.  Dependence  of 
the  IF  signal  vs.  RF  signal  was  measured  in  several  points  for  each  mixer.  Obtained  data  are 
presented  in  Fig.7b  and  8b.  Solid  line  shows  the  linear  regime  of  the  mixer.  For  mixer 
M10_4  deviation  from  the  linearity  occurs  at  the  input  signals  -57  dBm  (2  nW)  and  - 
54  dBm  (4  nW)  for  bias  point  1 and  2 correspondingly,  i.e.  15-^12  dB  below  absorbed  LO 
power  (70  nW).  Taking  into  account  the  mixer  gain  bandwidth  B=4  GHz  one  can  calculate 
the  effective  load  temperature  of  the  receiver  at  the  3 dB  compression  point: 
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T = Eis — where  k is  the  Boltzmann  constant.  Calculated  load  temperatures  are 

load  2-k-B  ’ 

presented  in  the  top  x-axis.  Saturation  signal  corresponds  to  a load  temperature  around 
20,000  K and  40,000  K for  point  1 and  2 correspondingly.  The  difference  in  the 
compression  points  for  bias  points  1 and  2 can  be  easy  understood  if  we  plot  IF  signal 
swing  on  the  IV  plane.  The  arrows  mark  amplitudes  of  the  voltage  oscillations  on  the  mixer 
along  50  Ohm  load  line.  If  the  mixer  conversion  efficiency  changes  within  IF  swing,  mixer 
deviates  from  the  linearity.  So,  saturation  occurs  at  smaller  signals  for  those  mixers,  which 
have  stronger  bias  dependence  of  the  conversion  efficiency  and  operate  at  smaller  bias 
voltages. 

More  pronounced  bias  dependence  of  the  saturation  point  one  can  observe  for  a 
very  small  mixer.  Data  for  the  mixer  L10_2_2  are  presented  in  Fig.8  a and  b.  Absorbed  LO 
power  was  only  14.5+17.5  nW.  The  saturating  power  was  measured  at  three  bias  points.  As 
one  can  see,  the  saturation  for  both  mixers  occurs  at  the  same  input  signal.  It  confirms  our 
suggestion  that  the  saturation  is  caused  by  IF  signal  but  not  by  overheating  with  RF  signal. 
Equivalent  load  temperatures  corresponding  to  3 dB  compression  points  were  also 
calculated  (Fig.8b).  So,  even  with  smallest  volume  NbN  mixers  no  deviations  from  the 
linear  regime  was  observed  up  to  20,000  K of  the  load  temperature.  That  allows  a practical 
operation  of  even  smaller  mixers.  In  this  case  LO  power  can  be  of  a few  nW. 


Conclusion. 

From  the  presented  data  we  can  conclude,  that  by  decreasing  the  mixer  volume  the 
required  LO  power  can  be  decreased  substantially.  For  the  mixer  with  size  0.6x0.13  |W 
the  LO  power  is  only  15  nW.  Regardless  of  the  mixer  volume,  the  input  signal  at  which 
3 dB  compression  occurs  is  of  the  order  of  2-5  nW.  That  corresponds  to  an  input  load 
temperature  of  20,000  K.  We  conclude  that  fabrication  of  even  smaller  mixers  requiring  LO 
power  of  the  order  of  a few  nW  can  be  reasonable. 

Critical  temperature  has  a big  impact  on  the  required  LO  power.  As  Tc  changes 
from  9.5  K to  8 K,  PLO  decreases  from  480  nW  to  230  nW  for  4x0.4  pm2  mixer.  Bath 
temperature  plays  a minor  role  for  both  PLO  and  Tr.  Only  at  T=0.75  Tc  P Lo  starts  to  decrease 
but  it  is  followed  by  a growth  of  Tr. 

In  order  to  estimate  PLO  at  the  optimum  operating  point  one  has  to  take  into  account 
both  mixer  volume  and  critical  temperature.  A product  of  the  mixer  volume  and  critical 
current  density,  measured  at  4.2  K,  is  a good  measure  of  Plo- 
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Fig.  1 Output  power  available  from  local  oscillator  sources  reported  in  press. 

Teflon  window  and 


Fig.  2 Experimental  set-up  used  for  saturation  measurements  of  HEB  mixers.  For  the  receiver  noise 
temperature  measurements,  the  cold  attenuator  in  the  cryostat  was  removed,  signal  BWO  was 
replaced  by  300K/77K  black  body. 
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Fig.  3 a DSB  receiver  noise  temperature  vs  LO  power  for  different  bias  voltages.  Mixer  M12-2, 
width  W=4pm,  length  L^O^prn.  jc(4.2  K)=2.7  10  A/cm  , K. 
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Fig.  3 b DSB  receiver  noise  temperature  vs  LO  power  for  different  bias  voltages.  Mixer  Ml 0-2, 
width  W=4|im,  length  L=0.4|im.  jc(4.2  K)=1.75*106  A/cm2,  Tc=8  K. 
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Fig.  4 Critical  current  vs  bath  temperature.  Sample  M12-2,  Tc=9.5  K. 
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Fig.  5 DSB  receiver  noise  temperature  and  optimum  LO  power  vs  bath  temperature.  Mixer  Ml 2-2, 
width  W=4|im,  length  L=0.4pm,  Tc  =9.5  K.  Solid  line  is  obtained  from  Eq.l 
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L (um)x  W (um) 


Fig.  6 a)  Optimum  local  oscillator  power  for  different  mixer  volume.  Mixer  volume  is  represented 
by  a product  of  mixer  length  L and  mixer  width  W taken  in  micrometers. 


L(um)  x W (um)  x Jc(  106  A/cm2) 


Fig.  6 b)  Optimum  local  oscillator  power  Plq  vs  “volume  coefficient”,  i.e.  a product  of  mixers 
length  L,  width  W and  critical  current  density  Jc.  Jc  is  measured  at  4.2  K. 
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Fig.  7 a)  Current-voltage  curves  of  the  mixer  M10_4.  Arrows  show  the  amplitude  of  the  voltage  swing 
corresponding  to  3 dB  compression  point,  b)  intermediate  frequency  signal  vs.  RF  input  signal  for  two  bias 
points;  bias  point  1 (circles),  bias  point  2 (triangles).  3 dB  compression  occurs  at  a load  temperature  around 
20,000  K. 
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Fig.  8 . a)  Current-voltage  curves  of  the  mixer  L10_2_2.  Arrows  show  the  amplitude  of  the  voltage  swing 
corresponding  to  3 dB  compression  point,  b)  intermediate  frequency  signal  vs.  RF  input  signal  for  three  bias 
points;  3 dB  compression  occurs  at  a load  temperature  around  20,000  K. 
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Abstract 

An  investigation  of  the  antenna  pattern  of  a quasi-optical  hot-electron  bolometric  mixer 
at  terahertz  (THz)  frequencies  is  presented.  The  antenna  consists  of  a logarithmic-spiral 
planar  feed  antenna  which  was  mounted  on  the  back  side  of  a hemispherical  lens  with  an 
extension  length  optimized  for  2.5  THz.  The  power  patterns  were  measured  at  several 
frequencies  between  0.7  THz  and  4.3  THz  for  two  orthogonal  polarizations.  The  level  of 
the  first  sidelobe  is  smallest  at  2.5  THz.  The  sidelobes  are  different  for  both  polarizations 
and  the  main  lobes  are  wider  than  predicted  by  diffraction  at  the  diameter  of  the  lens. 
This  indicates  that  the  pattern  is  not  only  determined  by  the  lens  but  also  by  the  feed 
antenna.  The  antenna  pattern  measured  by  heterodyne  detection  has  almost  the  same 
width  as  the  power  pattern  but  significantly  higher  sidelobes.  At  1.6  THz  the  phase 
pattern  of  the  hybrid  antenna  was  measured  with  a quasi-optical  interferometric 
technique. 


1.  Introduction 

The  hot-electron  bolometer  (HEB)  is  the  mixer  of  choice  for  heterodyne  receivers  at 
terahertz  (THz)  frequencies,  where  SIS  mixers  and  Schottky  mixers  are  not  sensitive 
enough  for  ultimate,  quantum  limited  performance.  It  has  been  shown  that  quasi- 
optically  coupled  HEB  mixers  have  noise  temperatures  close  to  the  quantum  limit 
[1,2,3, 4],  an  intermediate  frequency  bandwidth  up  to  9 GHz  [3,4, 5, 6],  and  require  local 
oscillator  power  less  than  1 pW  [1,2,3, 4]. 

At  this  quite  advanced  stage  of  HEB  mixer  development  it  becomes  increasingly 
important  to  characterize  precisely  the  antenna  pattern  of  the  quasi-optical  HEB  mixer  at 
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THz  frequencies.  The  knowledge  of  the  antenna  pattern  is  of  prime  importance  for  any 
practical  application  since  it  allows  to  achieve  optimal  coupling  of  the  receiver  to  a 
telescope  as  well  as  accurate  retrieval  of  atmospheric  data.  At  frequencies  below  about 
1 THz  waveguide  coupled  mixers  are  commonly  used.  The  performance  of  waveguide 
antennas  is  excellent  at  these  frequencies.  However,  beyond  1 THz  losses  of  the 
waveguide  increase.  Additionally,  fabrication  becomes  more  difficult  and  costly.  An 
alternative  approach  is  the  combination  of  a planar  antenna  with  a lens.  In  this  quasi- 
optical  design  the  mixer  and  a planar  antenna  are  fabricated  on  a substrate  which  is 
mounted  on  the  back  side  of  a lens.  The  lens  is  made  from  the  same  material  or  a 
material  with  similar  refractive  index  as  the  substrate.  Different  types  of  lenses  and 
planar  antennas  have  been  investigated  [7,8].  Depending  on  the  actual  requirements  such 
as  Gaussian  coupling  efficiency  and  directivity  either  extended  hemispherical  lenses  or 
elliptical  lenses  are  used.  If  the  feed  antenna  is  placed  in  the  aplanatic  focus  of  a 
hemispherical  lens  it  is  called  hyperhemispherical  lens.  At  a certain  extension  length  the 
antenna  pattern  is  determined  by  the  diffraction  limit  of  the  lens.  If  the  planar  feed 
antenna  is  placed  at  this  position  it  is  called  hybrid  antenna  [7].  In  fact  the  hybrid  antenna 
is  a good  approximation  to  the  elliptical  lens-antenna.  The  hyperhemispherical  antenna 
yields  a better  Gaussian  coupling  efficiency  than  the  hybrid  antenna  or  the  elliptical  lens- 
antenna  but  the  directivity  is  worse  [8].  In  this  paper  we  investigate  the  antenna 
performance  of  a HEB  mixer  integrated  in  a hybrid  antenna  with  a logarithmic-spiral 
feed. 

2.  Antenna  Design 

The  investigated  HEB  mixers  were  made  from  a 3.5  nm  thick  superconducting  NbN  film. 
The  film  was  deposited  by  dc  reactive  magnetron  sputtering  onto  a 350  pm  thick  high 
resistivity  Si  substrate  (5  kQcm).  The  bolometer  itself  is  a 1.4  pm  wide  and  0.2  pm  long 
bridge.  It  has  a transition  temperature  of  about  9 K.  The  HEB  is  located  in  the  center  of  a 
planar  two-arm  logarithmic-spiral  antenna,  which  couples  both  the  signal  and  the  local 
oscillator  (LO)  radiation  with  the  bolometer  (Fig.  1).  The  central  part  of  the  antenna  was 
patterned  using  electron  beam  lithography  while  the  outer  part  was  defined  by 
conventional  UV  photolithography.  The  diameter  of  the  circle  that  circumscribes  the 
spiral  structure  is  130  pm.  This  effectively  determines  the  longest  wavelength  above 
which  the  properties  of  the  feed  antenna  are  no  longer  independent  of  the  wavelength. 
The  wavelength  inside  the  silicon  should  be  less  than  twice  the  diameter  of  this  circle.  In 
our  case  this  yields  a long  wavelength  limit  outside  the  silicon  of  884  pm  (0.34  THz). 
The  shortest  wavelength  should  be  at  least  10  times  larger  than  the  radius  of  the  inner 
circle,  inside  which  the  antenna  arms  form  inner  terminals  and  deviate  from  the  ideal 
spiral  shape.  The  inner  circle  has  a diameter  of  about  2.2  pm  yielding  a short  wavelength 
cut-off  of  37  pm  (8  THz).  However  it  should  be  pointed  out  that  the  wavelength  limits 
are  an  estimate  and  have  to  be  verified  experimentally.  Between  the  circles,  the  antenna 
arms  make  two  full  turns.  A radial  line  from  the  origin  of  the  antenna  intersects  a spiral 
arm  at  an  angle  of  70°. 
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The  substrate  supporting  the  HEB  with  the  planar  antenna  was  glued  onto  the  flat  side  of 
an  extended  hemispherical  lens.  The  lenses  are  spheres  with  either  6 mm  or  12  mm 
diameter,  which  were  cut  off  from  optically  polished,  high  resistivity  (>10  kO  cm) 
silicon.  Lenses  with  and  without  an  antireflection  coating  from  Parylene  C were 
investigated  [9].  The  extension  of  the  lens  together  with  the  substrate  yields  a total 
extension  length  of  1.2  mm  and  2.4  mm  for  the  6 mm  lens  and  for  the  12  mm  lens, 
respectively.  This  is  the  optimal  extension  length,  for  which  the  beam  pattern  of  the 
hybrid  antenna  is  predicted  to  be  diffraction  limited,  i.e.  the  pattern  is  rather  determined 
by  the  diameter  of  the  lens  than  by  the  beam  properties  of  the  planar  feed  antenna.  It  is 
worth  mentioning  that  in  the  range  of  the  diameter  to  wavelength  ratios,  which  we 
covered  in  the  experiments,  the  optimal  extension  length  weakly  depends  on  the 
wavelength  [TJ. 


Fig.  1:  Layout  of  the  logarithmic-spiral 
antenna.  The  HEB  is  located  in 
the  gap  in  the  center  of  the  spiral 
arms.  It  is  0.2  pm  long  and 
1.4  pm  wide.  The  inner  circle 
where  the  spiral  deviates  from 
the  ideal  shape  has  a diameter  of 
2.2  pm. 


3.  Antenna  Power  Pattern 

The  power  patterns  of  different  hybrid  antennas  have  been  measured  0.7  THz,  1.4  THz, 
1.6  THz,  2.5  THz,  3.1  THz  and  4.3  THz.  The  temperature  of  the  HEB  was  set  slightly 
below  the  transition  temperature  of  the  superconducting  bridge  and  the  HEB  was  biased 
with  constant  current.  The  dewar  with  the  HEB  was  placed  on  a rotation  table  in  the  far 
field  (3-10  x Rayleigh  distance)  of  an  optically  pumped  far-infrared  gas  laser.  The  HEB 
was  located  in  the  center  of  rotation.  The  laser  radiation  was  chopped  and  the  signal 
delivered  by  the  HEB  was  measured  as  a function  of  the  angle  of  rotation.  Patterns  were 
measured  by  rotating  the  HEB  around  the  axis  parallel  to  its  length.  The  polarization  of 
the  incoming  radiation  was  determined  by  a wire  grid.  For  E-plane  measurements  the 
vector  of  the  electric  field  of  the  laser  radiation  is  parallel  to  the  width  of  the 
superconducting  bridge  while  for  H-plane  measurements  it  is  parallel  to  the  length.  Some 
examples  of  the  power  patterns  are  shown  in  Fig.  2. 
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Fig.  2:  Antenna  power  patterns  at  different  frequencies  and  in  two  orthogonal  polariza- 
tions (E-  and  H-  plane  refer  to  polarization  of  the  laser  radiation,  see  text). 
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The  solid  lines  represent  the  diffraction  limited  antenna  patterns  that  were  simulated 
according  to  the  expression  (2Ji(v)/vf,  where  v-  (7ttan(0)  d)/X , J/  is  the  Bessel 
function  of  the  first  kind,  9 is  the  angle  of  rotation  and  d is  an  effective  diffracting 
aperture,  which  was  varied  to  yield  the  best  fit  to  the  main  lobe  of  the  measured  pattern. 
In  Fig.  3 the  results  are  summarized.  The  first  sidelobe  is  lowest  at  1 18.8  pm  (2.5  THz) 
which  is  the  wavelength  for  which  the  extension  length  of  the  hybrid  antenna  is  optimal. 
Towards  longer  wavelengths  the  level  of  the  first  sidelobe  increases  slightly  because  the 
extension  length  is  longer  than  the  optimum  one.  At  the  two  shortest  wavelengths  the 
first  sidelobes  are  highest  This  might  be  attributed  to  contributions  from  the  inner  part  of 
the  feed  antenna  where  the  spiral  deviates  from  the  ideal  shape.  In  general  the  sidelobes 
are  higher  than  predicted  by  simple  diffraction  theory  of  a uniform  wave  at  a circular 
aperture.  This  is  partly  due  to  internal  reflections.  Additionally,  the  sidelobes  in  the  E- 
plane  are  always  higher  than  in  the  H-plane  except  for  the  two  shortest  wavelengths. 
These  findings  indicate  that  the  pattern  of  the  log-spiral  feed  antenna  is  not  rotational 
symmetric  and  does  not  illuminate  the  diameter  of  the  lens  uniformly. 


Fig.  3:  Level  of  the  first 
sidelobe  as  a function 
of  wavelength  for  E- 
and  H-plane. 
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Fig.  4 displays  the  FWHM  as  a function  of  the  wavelength  for  E-  and  H-plane  patterns. 
The  dashed  line  is  a linear  fit  to  the  data  while  the  solid  line  represents  the  FWHM  as 
expected  for  an  antenna  pattern  which  is  diffraction  limited  by  the  diameter  of  the  lens. 
The  optimum  extension  length  of  a hybrid  antenna  made  from  silicon  is  almost  constant 
in  the  wavelength  range  considered  here.  Therefore  the  linear  dependence  of  the  FWHM 
on  the  wavelength  indicates  that  diffraction  dominates  the  width  of  the  antenna  pattern. 
The  difference  between  measurement  and  prediction  might  be  explained  by  a non-uni- 
form illumination  of  the  lens  by  the  feed  antenna.  Because  of  the  high  refractive  index  of 
silicon  compared  to  quartz,  this  effect  is  more  pronounced  in  a hybrid  antenna  made  from 
silicon  than  in  one  made  from  quartz.  The  optimum  extension  length  at  given  wavelength 
and  diameter  of  the  lens  is  smaller  in  silicon  than  in  quartz.  This  results  in  a lower  edge 
taper  for  a silicon  hybrid  antenna  than  for  a quartz  hybrid  antenna.  This  in  turn  yields  a 
smaller  FWHM  for  the  silicon  hybrid  antenna.  For  a quartz  hybrid  antenna  the  FWHM  is 
larger  and  agrees  better  with  the  width  determined  by  diffraction  the  lens  diameter. 
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Fig.  4:  FWIIM  as  a function  of 
the  wavelength.  The 
solid  line  represents  the 
diffraction  limit  as  given 
by  the  diameter  of  the 
lens  while  the  dashed 
line  is  a linear  fit  to  the 
measured  FWHM. 


4.  Heterodyne  Antenna  Pattern 

For  designing  a practical  heterodyne  receiver  the  antenna  pattern  measured  in  the 
heterodyne  mode  is  the  relevant  one.  This  pattern  may  differ  from  the  antenna  power 
pattern  since  heterodyne  detection  preserves  the  phase  information.  We  have  performed 
measurements  of  the  antenna  pattern  in  the  heterodyne  mode.  The  hybrid  antenna 
consisted  of  a 12  mm  diameter  silicon  lens  with  a Parylene  anti-reflection  coating  and  a 
log-spiral  feed  antenna  as  described  above.  Again,  the  extension  length  was  optimized 
for  2.5  THz.  In  principle,  a standard  Y-factor  measurement  setup  as  described  previously 
[1]  is  used.  However,  instead  of  a liquid  nitrogen  cold  load  a small  (0.14°  angular  width) 
metal  halide  hot  source  is  used.  It  can  be  moved  in  a plane  orthogonal  to  the  axis  defined 
by  the  center  of  the  main  lobe  of  the  antenna.  The  double  sideband  (DSB)  signal  is 
measured  as  a function  of  the  position  of  the  hot  source.  The  heterodyne  antenna  pattern 
is  given  by  the  DSB  signal  as  a function  of  the  angle  under  which  the  hot  source  is  seen 
by  the  HEB  mixer.  Fig.  5 displays  the  antenna  patterns  measured  at  0.7  THz,  1.6  THz 
and  2.5  THz.  The  polarization  of  the  FIR  laser  local  oscillator  is  arbitrary  since  a 
rotatable  wire  grid  is  used  to  adjust  the  power  from  the  FIR  gas  laser  to  the  level  which 
yields  the  best  signal  to  noise  ratio.  At  all  frequencies  the  first  sidelobe  is  significantly 
higher  in  the  heterodyne  pattern  than  in  the  power  pattern  and  it  increases  with 
frequency.  The  FWHM  is  almost  the  same  in  the  heterodyne  and  power  patterns  except 
at  2.5  THz  where  it  is  bigger  in  the  heterodyne  pattern.  This  is  possibly  due  to  a 
contribution  from  the  high  sidelobe  to  the  main  lobe.  The  reason  for  the  high  sidelobes  is 
not  clear  yet.  One  possible  explanation  could  be  a strong  change  of  the  phase  across  the 
main  lobe  of  the  power  pattern  as  it  will  be  discussed  in  the  next  section.  However,  the 
power  patterns  were  measured  with  an  uncoated  6 mm  lens  while  the  heterodyne  patterns 
were  measured  with  a 1 2 mm  anti-reflection  coated  lens.  We  would  like  to  emphasize 
here  that  the  spectral  properties  of  our  antenna  are  effected  not  only  by  the  smaller  radius 
of  the  spiral  but  also  by  the  actual  size  of  the  HEB.  This  seems  to  be  a general  feature  of 
planar  antennas,  since  it  was  also  noticed  for  twin-slot  antennas  [10].  For  our  log-spiral 
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antenna  we  found  that,  according  to  simulations  [1],  decrease  of  the  HEB  width  flattens 
the  frequency  dependence  of  the  noise  temperature.  The  difference  in  the  DSB  noise 
temperature  between  0.6  THz  and  2.5  THz  was  reduced  from  2.8  dB  for  a 1 .7  pm  wide 
HEB  to  1 .5  dB  for  a 1 .4  pm  wide  HEB.  Here  again,  the  1 .7  pm  HEB  was  mounted  on  the 
uncoated  6 mm  lens  while  the  1 .4  pm  HEB  was  mounted  on  the  12  mm  coated  lens.  All 
this  makes  comparison  and  interpretation  of  antenna  patterns  at  different  frequencies 
more  difficult. 


-4-3-2-10  1 2 3 4 

Angle  [degrees] 

1.6  THz 


Fig.  5:  Antenna  pattern  measured 
by  heterodyne  detection  at 
three  different  frequencies. 
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5.  Phase  Measurements 

Phase  pattern  measurements  at  frequencies  towards  or  above  1 THz  become  increasingly 
problematic  because  it  is  difficult  to  provide  a coherent  phase  reference.  In  our 
measurements  we  use  a novel,  quasi-optical  interferometric  technique  to  record  both 
amplitude  and  phase  pattern  of  antenna  [11].  This  method  has  been  verified  with  a 
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Schottky  mixer  in  a comer  cube  mount  at  1.4  Tliz  [12J.  The  principle  is  depicted  in 
Fig.  6.  The  output  radiation  from  a FIR  gas  laser  is  split  by  a 45°  wire  grid.  A vertical 
wire  grid  is  used  in  transmission  and  a horizontal  wire  grid  is  used  in  reflection.  This  set- 
up results  in  two  mutually  coherent  co-polar  sources  Si  and  S2.  each  launching  a beam 
towards  a test  antenna  at  slightly  different  angles  0 and  0+Qs,  where  0s  is  the  angle 
subtended  by  the  two  sources.  The  two  beams  have  a phase  delay  <t>d.  By  blocking  first 
one  source  and  then  the  other,  the  power  patterns  Vi  and  V?  are  measured  as  a function 
of  the  angle  0.  Finally,  the  power  pattern  V12  is  measured  when  both  sources  launch  a 
beam  towards  the  HEB.  The  phase  relation  is  extracted  from  the  three  power  patterns 
according  to 


0(0  + 0S)  - 0(0)  + Od  = cos'1 


V,2(0)-V1(0)-V2(0) 
2VV,(0) ' V2(0) 1 


(1) 


Since  Od  is  independent  of  0 and  the  phase  reference  it  can  be  set  to  zero.  If  V i2(0), 
V)(0),  and  V2(0)  are  measured  the  relative  phase  between  successive  directions  which  are 
separated  by  0S  can  be  determined. 
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In  Fig.  7 power  and  phase  patterns  measured  at  a frequency  of  1 .6  THz  in  the  E-plane  of 
the  FIR  laser  are  shown.  The  hybrid  antenna  consisted  of  a 6 mm  lens  without  anti- 
reflection coating  and  the  above  described  log-spiral  feed  antenna.  FWHM  and  the  level 
of  the  first  sidelobe  agree  with  the  power  patterns  presented  in  section  3.  The  minimum 
phase  difference  occurs  at  a different  position  than  the  maximum  of  the  main  lobe.  Also, 
there  is  no  flat  part  of  the  phase  inside  the  main  lobe  of  the  power  pattern.  This  indicates 
that  the  FIEB  was  not  exactly  positioned  at  the  phase  center.  This  position  has  to  be 
determined  by  finding  the  pivot  position  that  gives  maximum  phase  flatness  over  the 
main  lobe.  However,  the  phase  pattern  of  the  hybrid  antenna  has  changes  quite 
drastically  by  about  0.3  -1 .2  rad/degree.  In  contrast,  the  47,  quasi-optical  Schottky  mixer 
at  1 .4  THz  has  a flat  phase  within  the  -6  dB  points  of  the  main  lobe  and  the  change  of  the 
phase  outside  the  main  lobe  of  the  power  pattern  is  < 0.2  rad/degree.  This  indicates  that 
the  strong  change  of  the  phase  of  the  hybrid  antenna  may  contribute  to  the  high  level  of 
sidelobes  seen  in  the  heterodyne  antenna  pattern.  However,  further  investigations  are 
necessary. 


Angle  (degrees) 


Angle  (degrees) 


Fig.  7:  Power  patterns  Vi,  V2  of  two 
co-polar  sources  and  the 
interference  pattern  V|i  (left). 
Power  pattern  (bottom  left) 
and  extracted  phase  pattern 
(bottom  right).  All  patterns 
are  measured  at  1 .6  THz  in  E- 
plane. 


Angle  (degrees) 
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6.  Summary  and  Conclusions 

We  have  investigated  the  beam  pattern  of  a HEB  mixer  with  a hybrid  antenna.  The 
antenna  consists  of  a log-spiral  feed  antenna  and  a silicon  lens.  The  power  pattern  was 
measured  in  the  frequency  range  from  0.7  THz  to  4.3  THz.  It  was  found  that  the  FWHM 
of  the  main  lobe  is  wider  and  the  sidelobes  are  higher  than  predicted  by  diffraction  of  a 
uniform  wave  at  the  aperture  given  by  the  diameter  of  the  silicon  lens.  This  can  be 
attributed  to  a non-uniform  illumination  of  the  lens  by  the  feed  antenna.  Measurements  of 
•the  antenna  pattern  by  heterodyne  detection  at  0.7  THz,  1.6  THz  and  2.5  THz  reveal  that 
the  sidelobes  are  higher  than  in  the  power  patterns  while  the  FWHM  is  almost  the  same. 
The  phase  of  the  hybrid  antenna  has  been  determined  by  a quasi-optical  interferometric 
method.  It  is  not  constant  across  the  main  lobe  of  the  power  pattern.  The  results 
emphasize  the  importance  of  heterodyne  antenna  measurements  and  phase 
measurements.  However,  further  investigations  are  necessary  in  order  to  get  a complete 
understanding  of  the  antenna  pattern  of  a hybrid  antenna  at  THz  frequencies. 

Acknowledgement 

This  work  was  financially  supported  by  the  German  Ministry  of  Science  and  Education 
(WTZ  RUS-1 49-97),  the  European  TMR  project  “INTERACT”,  NATO  Division  of 
Scientific  Affairs,  and  the  INTAS  grant  99-0569. 


References 

[1]  A.  D.  Semenov,  H.-W.  Hubers,  J.  Schubert,  G.  N.  Golf  tsman,  A.  I.  Elantiev,  B.  M. 
Voronov,  and  E.  M.  Gershenzon,  “Design  and  performance  of  the  lattice-cooled  hot- 
electron  terahertz  mixer”,  J.  Appl.  Phys.  88, 6758  (2000). 

[2]  E.  Gerecht,  C.'F.  Musante,  Y.  Zhuang,  M.  Ji,  K.  S.  Yngvesson,  T.  Goyette,  and  J. 
Waldman,  “Development  of  focal  plane  arrays  utilizing  NbN  hot  electron  bolometric 
mixers  for  the  THz  region”,  Proc.  of  the  11th  Int.  Symp.  on  Space  Terahertz  Technol., 
209  (2000). 

[3]  M.  Kroug,  S.  Cherednichenko,  H.  Merkel,  E.  Kollberg,  B.  Voronov,  G.  Gol’tsman, 
H.-W.  HUbers,  and  H.  Richter,  “NbN  HEB  mixer  for  terahertz  heterodyne  receivers" 
Proc.  of  the  Int.  Conf.  on  Appl.  Superconductivity,  Virginia  Beach  (2000). 

[4]  R.  Wyss,  B.  Karasik,  W.  McGrath,  B.  Bumble,  and  H.  LeDuc,  “Noise  and  bandwidth 
mesurements  of  diffusion  cooled  Nb  hot-electron  bolometer  mixers  at  frequencies  above 
the  superconductive  energy  gap”,  Proc.  of  the  10th  Int.  Symp.  on  Space  Terahertz 
Technol.,  214  (1999). 

[5]  S.  Cherednichenko,  M.  Kroug,  P.  Yagoubov,  H.  Merkel,  E.  Kollberg,  K.  S. 
Yngvesson,  B.  Voronov,  and  G.  Gol’tsman,  “IF  bandwidth  of  phonon  cooled  HEB 
mixers  made  from  NbN  films  on  MgO  substrates”,  Proc.  of  the  11th  Int.  Symp.  on  Space 
Terahertz  Technol.,  219  (2000). 


295 


12th  International  Symposium  on  Space  Terahertz  Technology 


[6]  A.  D.  Semenov,  H.-W.  Htibers,  “Frequency  Bandwidth  of  a Hot-Electron  Mixer 
According  to  the  Hot-Spot  Model”,  Proc.  of  the  Int.  Conf.  on  Appl.  Superconductivity, 
Virginia  Beach  (2000). 

[7]  T.  H.  Btittgenbach,  “An  improved  solution  for  integrated  array  optics  in  quasi-optical 
mm  and  submm  receivers:  the  hybrid  antenna”,  IEEE  Trans.  Microwave  Theory  Tech. 
41,  1750(1993). 

[8]  D.  F.  Filipovic,  S.  S.  Gearhart,  and  G.  M.  Rebeiz,  “Double-slot  antennas  on  extended 
hemispherical  and  elliptical  silicon  dielectric  lenses”,  IEEE  Trans.  Microwave  Theory 
Tech.  41, 1738  (1993). 

[9]  H.-W.  Htibers,  J.  Schubert,  A.  Krabbe,  M.  Birk,  G.  Wagner,  A.  Semenov,  G. 
Gol’tsman,  B.  Voronov,  and  E.  Gershenzon,  “Parylene  anti-reflection  coating  of  a quasi- 
optical  hot-electron  bolometric  mixer  at  terahertz  frequencies”.  Infrared  Phys.  and 
Technol.  42, 41  (2000). 

[10]  R.  A.  Wyss,  A.  Neto,  W.  R.  McGrath,  B.  Bumble,  H.  LeDuc,  “Submillimeter-wave 
spectral  response  of  twin-slot  antennas  coupled  to  hot-electron  bolometers”,  Proc.  of  the 
1 1th  Int.  Symp.  on  Space  Terahertz  Technol.,  388  (2000). 

[1 1]  J.  W.  Bowen,  S.  Hadjiloucas,  and  B.  M.  Towlson,  “An  interferometric  technique  for 
measuring  terahertz  antenna  phase  patterns”,  Proc.  of  the  24th  Int.  Conf.  on  Infrared  and 
Millimeter  Waves,  Monterrey  (1999). 

[12]  S.  Hadjiloucas,  H.-W.  Htibers,  J.  W.  Bowen,  and  J.  Schubert,  “Quasi-optical 
measurements  of  comer  cube  antenna  amplitude  and  phase  patterns  at  1397.1  GHz”,  IOP 
Proc.  of  the  Appl.  Optics  and  Opto-Electronics  Conf.,  77  (2000). 


296 


12"'  International  Symposium  on  Space  Terahertz  Technology 


Monolithic  THz  Frequency  Multipliers 

N.R.  Erickson,  G.  Narayanan  and  R.M.  Grosslein 
Dept,  of  Astronomy,  University  of  Massachusetts,  Amherst,  MA  01003 

S.  Martin,  I.  Mehdi,  and  P.  Smith 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91 109 

M.  Coulomb  and  G.  DeMartinez,  Submillimeter-Wave  Tech.  Lab., 

University  of  Massachusetts,  Lowell,  MA,  01854 

Introduction 

Frequency  multipliers  are  required  as  LO  sources  for  frequencies  up  to  2.7  THz 
for  FIRST  and  airborne  applications.  Multipliers  at  these  frequencies  have  not  previously 
been  demonstrated,  and  the  object  of  this  work  was  to  show  whether  such  circuits  are 
really  practical.  A practical  circuit  is  one  which  not  only  performs  as  well  as  is  required, 
but  also  can  be  replicated  in  a time  that  is  feasible.  As  the  frequency  of  circuits  is 
increased,  the  difficulties  in  fabrication  and  assembly  increase  rapidly.  Building  all  of 
the  circuit  on  GaAs  as  a monolithic  circuit  is  highly  desirable  to  minimize  the  complexity 
of  assembly,  but  at  the  highest  frequencies,  even  a complete  monolithic  circuit  is 
extremely  small,  and  presents  serious  handling  difficulty.  This  is  compounded  by  the 
requirement  for  a very  thin  substrate.  Assembly  can  become  very  difficult  because  of 
handling  problems  and  critical  placement.  It  is  very  desirable  to  make  the  chip  big 
enough  to  that  it  can  be  seen  without  magnification,  and  strong  enough  that  it  may  be 
picked  up  with  tweezers.  Machined  blocks  to  house  the  chips  present  an  additional 
challenge.  Blocks  with  complex  features  are  very  expensive,  and  these  also  imply  very 
critical  assembly  of  the  parts.  It  would  be  much  better  if  the  features  in  the  block  were  as 
simple  as  possible  and  non-critical  to  the  function  of  the  chip.  In  particular,  grounding 
and  other  electrical  interfaces  should  be  done  in  a manner  that  is  highly  reproducible. 

A complete  realization  of  all  of  these  desires  is  not  presently  possible,  but  we  can 
come  fairly  close.  The  primary  contribution  to  the  solution  is  to  fabricate  all  circuitry  on 
3 pm  thick  GaAs,  and  add  to  this  a 50  pm  thick  frame  to  support  it  and  provide  a handle 
[1],  The  thin  GaAs  is  separated  from  the  thick  substrate  by  an  etch  stop  layer,  and  so  the 
fabrication  of  this  structure  is  quite  practical.  The  3 pm  membrane  is  surprisingly  robust, 
and  while  it  can  not  be  touched  by  hand,  it  can  contact  the  block  and  have  beam  leads  for 
grounding.  An  external  connection  for  DC  bias  may  connect  to  the  frame,  which  is  much 
stronger.  Figure  1 shows  a framed  circuit  for  a THz  doubler,  which  incorporates  a side 
arm  to  the  circuit  membrane  in  addition  to  the  beam  leads. 

The  metal  mounting  block  provides  a frame  holder,  and  waveguides  to  external 
interfaces.  With  the  correct  circuit  design  the  exact  placement  of  the  circuit  in  the  block 
is  not  excessively  critical,  although  with  THz  circuits,  even  this  reduced  sensitivity  still 
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demands  micron  level  accuracy.  The  blocks  are  in  general  much  simpler  to  machine  than 
those  involving  frameless  circuits,  because  the  block  does  not  need  to  touch  the 
membrane,  and  most  clearances  can  be  made  fairly  generous.  Beam  lead  grounding  can 
be  designed  to  bridge  an  expected  gap. 


Membrane  - 3 um  thick 


Bias  lead 
1 um  gold 


Figure  1.  A membrane  and  frame  circuit  showing  typical  features.  This  circuit  is 
used  for  a doubler,  but  the  tripler  uses  similar  features. 

THz  Circuits 


Bands  from  0.5  - 2.7  THz  are  required  for  the  FIRST  mission,  and  performance  of 
planar  circuits  above  1 THz  is  largely  unknown.  For  this  reason  test  circuits  were 
designed  for  a range  of  frequencies  corresponding  to  actual  required  bands  from  1 to  2.7 
THz.  Triplers  were  designed  for  1 .0  and  1 .2  THz  using  a varactor  balanced  design,  while 
doublers  were  designed  for  1.5  and  2.5  THz  using  a resistive  balanced  design.  Diode 
properties  are  essentially  unknown  at  these  frequencies  but  it  was  believed  that  the 
highest  practical  frequency  for  varactor  operation  was  around  1 THz. 

The  design  of  the  circuits  is  challenging  within  the  constraints,  which  include  a 
fixed  substrate  thickness  regardless  of  frequency,  an  absence  of  backside  metal,  and 
minimum  diode  mesa  dimensions  which  sometimes  exceeded  the  available  circuit  space. 
The  completely  unknown  mechanical  behavior  of  the  circuit  led  to  a somewhat 
conservative  design.  Despite  these  constraints,  high  performance  circuits  are  practical, 
and  suffer  no  significant  limitations  beyond  those  inherent  to  THz  circuits.  Design  of 
these  circuits  requires  lots  of  HFSS  simulations  to  verify  operation.  Dimensions  in  nearly 
all  cases  are  at  the  maximum  limit  for  higher  mode  propagation,  leading  to  significant 
effects  from  evanescent  modes. 
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Doubler  Design 

At  frequencies  near  2 THz,  carrier  velocity  saturation  effects  seriously  limit 
varactor  operation.  An  approximate  value  for  the  peak  junction  current,  estimated  from 
the  carrier  concentration  in  the  junction,  times  the  maximum  saturated  carrier  velocity,  is 
3 mA/fF.  At  1 THz,  a sinusoidal  wave  has  only  a 1 V peak-peak  amplitude  at  this 
current.  This  means  little  voltage  modulation  is  possible,  and  varactor  efficiency  will  be 
very  low.  Resistive  multiplication  requires  lower  voltage  amplitude,  and  still  should 
work  with  reasonable  efficiency,  although  it  is  inherently  less  efficient.  These  circuits 
are  required  to  produce  only  a few  microwatts  of  output  power  to  drive  HEB  mixers,  and 
the  input  power  is  likely  to  be  very  limited  as  well.  Little  data  is  available  on  multipliers 
above  700  GHz,  and  those  that  have  been  built  have  not  been  intended  to  produce  high 
power.  Projections  of  optimized  drive  levels  are  in  the  0.25  to  1 mW  level  at  most.  At 
low  power,  simulations  show  that  DC  forward  bias  is  essential  for  best  efficiency,  and 
zero  bias  is  favored  only  for  power  levels  far  higher  than  would  be  available.  A balanced 
design  was  chosen  because  it  requires  no  filters,  and  is  very  simple,  despite  the  fact  that  it 
uses  two  diodes  which  double  the  required  input  power.  Losses  in  filters  can  easily 
exceed  the  penalty  for  using  two  diodes.  For  the  2.5  THz  design,  diodes  with  Cj(0)  = 0.5 
fF  were  chosen  to  minimize  the  required  input  power.  Even  smaller  diodes  seemed 
desirable  but  were  too  far  outside  the  known  range  for  planar  diode  fabrication.  For  1.5 
THz,  diodes  may  be  significantly  larger,  at  0.9  fF,  and  circuit  design  is  easier,  because 
these  diodes  more  closely  match  the  typical  circuit  impedance  levels.  Figure  2 shows  the 
predicted  efficiency  vs.  power  for  a 1.5  THz  doubler. 


Figure  2.  Predicted  efficiency  vs.  input  power  for  a doubler  to  1.5  THz  using  a pair  of  diodes  with 
Cj(0)  = 0.9  fF  and  R,  = 1 1 0£2,  biased  in  the  forward  direction. 


299 


I2'h  International  Symposium  on  Space  Terahertz  Technology 


Doubler  Construction 

A fairly  conventional  design  was  chosen  in  which  the  diodes  are  in  the  output 
waveguide,  for  lowest  loss  at  the  output  frequency.  The  diodes  are  easy  to  bias  in  series, 
without  affecting  RF  performance,  using  an  integrated  Si3N4  capacitor  which  bypasses 
the  bias  circuit.  Probe  coupling  was  used  in  the  input  waveguide,  which  requires  no 
contact,  and  converts  the  waveguide  impedance  to  a value  near  50  £2.  A two  section 
transformer  was  used  to  match  to  the  diode  impedance  in  a very  short  section  of  quasi- 
TEM  line  joining  the  two  waveguides.  At  the  output  frequency,  the  diodes  are  a fairly 
good  match  to  full  height  waveguide  without  any  tuning  except  the  choice  of  finger 
length  and  backshort  location,  which  is  close  to  the  diodes.  The  mounting  block  provides 
full  height  input  and  output  waveguides,  a frame  holder  and  a bias  connection,  with  no 
really  critical  dimensions.  Outside  the  immediate  circuit  area,  both  waveguides  step  up 
to  square  or  circular  cross  sections,  which  facilitate  the  further  transition  to  feed  horns  on 
both  ports.  The  input  has  a conical  horn  while  the  output  uses  a diagonal  horn.  This 
device  was  intended  to  be  optically  coupled  on  both  ports  in  initial  tests.  The  closed 
frame  forces  the  input  waveguide  to  be  at  a right  angle  to  the  frame,  and  this  was  the 
most  difficult  aspect  of  this  circuit  to  accommodate  in  the  machining,  which  did  not  use 
electroforming.  The  inner  details  of  the  doubler  block  and  device  mounting  are  shown  in 
Figures  3 and  4.  The  predicted  frequency  response  for  the  doubler  is  shown  in  Figure  5. 
The  bandwidth  is  very  wide,  despite  the  circuit  simplicity,  because  a doubler  operating  in 
a resistive  mode  has  a very  low  input  Q.  A flatter  response  may  be  obtained  in  a more 
optimized  block. 


Figure  3.  1.5  THz  doubler  construction  with  the  device  mounted  in  the  doubler  block.  The  device 
frame  surrounds  the  input  waveguide  (with  rounded  corners).  The  input  coupling  probe  extends  into 
this  waveguide,  and  converts  the  power  to  a quasi-TEM  mode.  The  bias  beam  lead  is  seen  to  the 
extreme  right. 
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Figure  4.  1.5  THz  doubler  detail  showing  the  connection  of  the  input  probe  to  the  center  point 
between  the  diodes,  which  are  mounted  in  the  output  waveguide.  There  are  four  grounding  beam 
leads.  The  right  hand  ground  includes  an  integrated  SiN  capacitor  to  bypass  the  bias  line. 


Figure  5.  1.5  THz  doubler  predicted  efficiency  vs.  frequency  at  2 mW  input. 

Devices 

All  of  the  devices  were  fabricated  at  JPL  on  a pair  of  nominally  identical  wafers, 
which  included  many  other  designs.  The  wafer  is  undoped  GaAs  having  a final  thickness 
of  about  50  pm,  with  an  epi  structure  (grown  by  MOCVD  by  Epitronics)  as  shown  in 
Table  1. 


Mat’l 

Thickness 

Doping 

Epi  layer 

GaAs 

0.15  pm 

5.0  x 1017  Si 

N++  layer 

GaAs 

1.0  pm 

5.0  x 1018  Si 

Etch  stop 

Gao.5Alo.5As 

0.05  pm 

undoped 

Membrane 

GaAs 

3.0  pm 

<3  x 1014 

Etch  stop 

Gao.5Alo.5As 

0.4  pm 

undoped 

Table  1 
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An  SEM  photo  of  a 1.5  THz  doubler  device  is  shown  in  Figure  6.  The  curvature 
to  the  beam  leads  and  the  diode  fingers  occurs  as  a result  of  their  non-planar  fabrication, 
rather  than  strain.  Only  the  membrane  portion  of  the  diode  circuit  is  shown  in  the  figure. 


Figure  6.  1.5  THz  doubler  SEM  photo  showing  the  same  region  as  in  Figure  4. 

1.5  THz  Doubler  Tests 

No  solid  state  driver  source  is  presently  available  near  750  GHz  with  enough 
power  to  drive  this  doubler.  A preliminary  test  was  needed  to  determine  the  feasibility  of 
such  a doubler  and  the  required  drive  level.  The  results  of  this  test  would  be  used  to 
develop  the  driver.  Tests  were  performed  in  the  Submillimeter  Technology  Lab  of  the 
Univ.  of  Mass  Lowell,  using  formic  acid  laser  lines  at  692,  716  and  761  GHz.  Typical 
output  power  is  5 -10  mW  in  all  three  lines.  The  laser  was  focused  using  a teflon  lens 
into  the  input  horn.  The  coupling  to  the  horn  was  relatively  poor,  because  the  laser  focal 
spot  was  somewhat  larger  than  the  hom.  In  order  to  determine  the  effective  input  power, 
the  power  was  measured  using  a similar  hom  on  the  input  to  a broadband  waveguide 
calorimeter  [2].  The  same  calorimeter  was  used  with  a smaller  conical  hom  to  couple  to 
the  output  waveguide. 

In  order  to  monitor  the  input  power,  which  would  very  slowly  drift  during  the 
tests,  and  to  determine  the  power  with  the  beam  attenuated,  the  laser  beam  was  sampled 
with  a mylar  beamsplitter.  The  sample  was  measured  with  one  calorimeter  having  a 
hom  matching  that  on  the  doubler  input,  while  the  output  power  was  measured  with  a 
second  calorimeter  of  the  same  type. 

Three  doubler  chips  from  two  wafers  were  tested  in  the  same  block.  One  had  a 
peculiar  IV  curve,  and  gave  very  low  efficiency  -0.1%.  Two  other  devices  from  the 
other  wafer  gave  similar  good  results.  The  maximum  output  power  is  55  (J.W  at  1522 
GHz,  at  an  efficiency  of  1 .0  %.  The  output  power  and  efficiency  vs.  input  power  are 
shown  in  Figure  7.  The  best  operation  is  with  a current  bias  of  0.5-1  mA,  while  the  bias 
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voltage  is  always  in  forward  direction.  An  output  power  of  40pW  was  obtained  at  1384 
GHz,  and  25  pW  at  1432  GHz.  At  frequencies  other  than  761  GHz,  the  input  power  was 
not  so  well  calibrated,  but  the  efficiency  at  692,  716  and  761  GHz  input  is  the  same 
within  ±1.5  dB. 

An  important  concern  is  the  minimum  input  power  required  to  drive  an  HEB 
mixer.  The  input  power  was  reduced  with  attenuators  until  an  indicated  output  power  of 
1 |iW  was  seen.  The  room  environment  and  the  power  sensor  were  sufficiently  stable  to 
clearly  read  this  low  power.  The  required  input  power  was  0.4  mW  for  this  output,  and 
this  power  seems  quite  attainable  with  a solid  state  driver  consisting  of  3 cascaded  planar 
doublers.  Thus  far  a power  of  6 mW  has  been  produced  at  378  GHz  from  2 cascaded 
doublers  operated  at  room  temperature  [3]  (which  should  nearly  double  at  150  K),  and  a 
subsequent  doubler  with  an  efficiency  of  4%  seems  consistent  with  available  data  at 
higher  and  lower  frequencies. 


1.5  THz  Planar  Membrane  Doubler 
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Figure  7.  Output  power  and  efficiency  vs  input  power  for  the  doubler  at  1522  GHz. 
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Diode  properties  improve  at  lower  temperature  due  to  increased  carrier  mobility. 
This  is  observed  in  all  lower  frequency  multipliers.  However,  for  highly  doped  THz 
diodes,  we  expect  much  reduced  variation  in  mobility  with  temperature.  A test  was 
needed  to  determine  if  any  large  efficiency  benefit  would  be  seen  at  this  high  frequency. 
The  doubler  survives  cooling  to  1 00K,  although  one  device  appeared  to  short  out  in  the 
bypass  capacitor  below  200K.  The  diode  IV  curve  shows  a 1.7x  increase  in  slope  at 
100K,  but  no  change  in  Rs.  A steeper  IV  should  reduce  the  input  power  required,  even  if 
the  efficiency  is  otherwise  unchanged. 
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A fairly  crude  test  was  done  with  the  doubler  tested  over  a LN2  bath  with  the  laser 
input  at  2.5  mW.  At  a temperature  of  230K  the  output  increased  ~10%,  but  at  lower 
temperature  frost  began  to  build  up  on  the  input  horn,  and  the  output  power  showed  no 
further  increase,  with  an  actual  decrease  below  1 80K.  A proper  test  would  require  a real 
dewar,  but  this  test  suggests  that  no  major  efficiency  improvement  will  occur,  since  the 
frost  build  up  did  not  appear  to  be  sufficiently  large  to  produce  a very  large  loss. 

Machining 

The  machining  of  the  block  was  very  easy,  considering  the  small  sizes  involved. 
The  small  features  were  machined  with  a 50  pm  diameter  end  mill  on  a micro-milling 
machine  [4],  while  the  larger  features  used  a 150  pm  diameter  mill  in  a second  spindle. 
All  critical  features  used  the  smaller  mill  so  registration  of  the  tools  was  not  a problem. 
The  one  difficult  feature  was  the  right  angle  waveguide,  which  required  plunging  a 
conical  hom  through  a thick  block  and  then  meeting  this  feature  with  a milled  cut  from 
the  opposite  side.  It  would  be  much  simpler  to  machine  if  this  waveguide  could  be 
rotated  into  the  same  plane  as  other  features,  so  that  both  waveguides  are  split  in  the  E- 
plane. 


The  input  waveguide  can  not  cross  the  frame  because  the  presence  of  the  GaAs  in 
the  waveguide  produces  a very  large  mismatch.  However,  the  frame  can  be  removed.  In 
a test,  the  frame  was  glued  down  at  the  comers  and  the  frame  was  then  broken  in  the 
required  area  without  damage  to  the  membrane.  Rotating  the  input  waveguide  90°  has  no 
effect  on  the  input  match,  and  the  required  backshort  location  fits  within  the  remaining 
frame.  The  doubler  for  2.5  THz  will  be  machined  this  way,  greatly  simplifying  this 
smaller  and  more  difficult  part,  and  also  will  be  tested  with  a laser. 


1 THz  Tripier 

The  1 .0  and  1 .2  THz  triplers  are  based  on  a successful  monolithic  tripler  tested  in 
the  230-330  GHz  range  [5],  The  change  is  mostly  just  a scaling  in  size,  but  the 
membrane  is  significantly  thinner  than  the  scaled  substrate  thickness  for  the  300  GHz 
version.  The  circuit  includes  two  antiparallel  diodes  in  a loop  with  nearly  optimized 
second  harmonic  inductance,  having  an  integrated  Si3N4  capacitor  for  DC  bias  bypass. 
Beam  leads  are  used  for  dc  and  rf  grounding,  and  two  radial  stubs  are  used  to  prevent  loss 
of  output  power  to  the  input  circuit.  In  this  smaller  size  there  is  some  considerable  doubt 
about  the  effective  dielectric  constant  for  radial  stubs  on  the  GaAs  membrane  which 
depend  on  the  metal  of  the  block  for  a ground  plane.  The  design  assumed  that  there 
would  be  a 1 pm  gap  under  the  GaAs,  and  the  stubs  were  sized  accordingly.  Variation  in 
this  gap  is  not  too  critical,  and  it  is  unlikely  to  exceed  2 pm  in  the  worst  case.  Surface 
roughness  insures  that  it  will  never  drop  below  0.5  pm.  An  input  waveguide  probe  was 
added  to  the  THz  models  to  fully  integrate  the  circuit.  Because  the  input  probe  dominates 
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the  length  of  the  membrane  strip,  in  order  to  minimize  its  length,  the  input  waveguide 
was  reduced  to  0.6x  normal  height.  The  probe  was  then  timed  for  this  waveguide  height, 
and  the  transition  worked  much  the  same  as  for  full  height.  The  best  transition  to  full 
height  (for  bandwidth  of  the  tripler  as  a whole)  was  found  to  be  an  abrupt  step,  a short 
distance  from  the  probe. 

The  output  waveguide  for  1 THz  is  reduced  in  height  to  25  Jim  at  the  circuit,  but 
steps  to  full  height  very  close  by.  It  is  broached  (scraped  out)  with  a thin  tool  on  the 
same  NC  machine  used  to  make  the  other  features.  The  backshort  position  and  quality  is 
critical,  so  the  waveguide  is  cut  with  an  integral  backshort.  It  is  not  possible  with  this 
type  of  machining  to  cut  a vertical  wall,  but  the  tool  may  be  brought  out  of  the  metal  at  a 
60°  angle.  This  V shaped  backshort  works  as  well  as  a conventional  flat  wall  but  the 
location  must  be  shifted  to  produce  the  same  effect.  The  output  waveguide  includes  an 
additional  section  of  reduced  height  to  increase  the  bandwidth.  The  entire  waveguide 
coupling  circuit  is  in  one  plane,  since  in  this  case  the  circuit  topology  permits  both 
waveguides  to  leave  the  same  side  of  the  frame.  The  output  waveguide  continues  straight 
to  a diagonal  horn,  while  the  input  wraps  around  180°  to  the  input  waveguide  flange. 
These  details  are  shown  in  Figures  8 and  9. 


Figure  8.  Photograph  of  the  details  of  the  1 THz  tripler,  showing  the  beam  leads  at  far  left,  output 
waveguide  (next  to  the  beam  leads),  diodes  and  radial  stubs,  and  the  waveguide  probe  in  the  reduced 
height  input  waveguide  (right). 
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Figure  9.  Overall  view  of  the  1 THz  tripler  showing  the  complete  frame,  bias  beam  lead  on  the  left, 
and  the  wrap-around  input  waveguide  on  the  right. 

Tripler  Results 

The  drive  source  used  in  the  tests  is  a Gunn  oscillator  followed  by  a MMIC  power 
amplifier  producing  up  to  100  mW  output  in  the  100-1 10  GHz  band,  driving  a monolithic 
tripler.  The  tripler  tunes  300-330  GHz  with  4-6  mW  output  power,  dropping  rapidly  at 
330  GHz.  No  source  at  higher  frequency  was  available,  so  much  of  the  final  tripler’s 
design  band  corresponding  to  320-350  GHz  input,  could  not  be  tested.  Only  one  device 
was  tested,  which  gave  sufficiently  good  results  that  it  was  not  exchanged.  The  diodes 
had  an  odd  IV  curve,  with  a very  high  value  for  Tj,  but  this  could  be  due  to  the  very 
limited  space  for  ohmic  pads,  rather  than  a problem  with  the  diode  junctions  themselves. 

The  efficiency  is  very  good,  particularly  for  low  available  input  power,  and  the 
low  end  of  the  band  is  nearly  at  the  expected  frequency.  The  highest  output  power  is  80 
|iW,  at  978  GHz,  which  is  comparable  to  the  best  seen  with  a whisker  contacted  tripler  at 
800  GHz  [6],  Results  are  shown  in  Figure  10,  with  all  powers  measured  with  the  same 
waveguide  calorimeter  as  referenced  earlier.  The  typical  bias  voltage  is  low,  in  the  range 
of  0.2  V forward  to  0.45  V reverse,  with  about  0.5  mA  bias  current.  This  is  not 
consistent  with  the  optimal  varactor  mode  of  operation  but  the  reason  for  this  could  be 
either  a diode  capacitance  below  the  design  value,  too  little  input  power,  or  a limited 
useful  voltage  amplitude  due  to  carrier  velocity  saturation.  More  tests  are  needed  to 
determine  the  cause. 

Measurement  of  the  efficiency  is  not  so  simple  as  measuring  output  power  and  the 
input  power  delivered  into  a matched  load.  It  is  essential  to  actually  measure  the  power 
delivered  into  the  load  in  use,  and  this  requires  a directional  coupler.  A special  low-loss 
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high-directivity  WR3  coupler  was  built  for  this  work  [7].  In  these  tests  the  true  efficiency 
was  measured  to  be  0.8- 1.1%  in  the  965-980  GHz  range,  with  input  powers  ~4  mW.  No 
rapid  change  with  input  power  was  noted,  although  this  power  should  be  too  low  for  best 
efficiency.  The  input  reflected  power  was  10-20%. 


Operation  of  the  full  chain,  shown  in  Figure  1 1,  is  extremely  simple.  There  are  no 
tuners  on  the  multipliers,  and  their  only  adjustment  is  the  bias  level.  The  input  frequency 
is  set  with  Gunn  timer  and  power  with  the  voltage  bias  on  the  power  amp.  This  makes 
the  chain  fully  compatible  with  space  or  remote  operation.  The  interaction  between 
driver  multiplier  and  THz  tripler  is  acceptable,  in  that  any  input  frequency  may  be  chosen 
without  seeing  large  output  power  variations.  However,  the  band  tested  so  far  is  quite 
limited  relative  to  that  required  for  FIRST,  and  full  tests  are  planned  when  the  actual 
driver  chain  (consisting  of  two  cascaded  doublers)  is  completed.  At  low  temperature, 
much  higher  output  power  is  expected,  because  the  driver  tripler  is  known  to  show  a 57% 
increase  in  power  [5],  and  the  final  tripler  should  show  at  least  some  improvement. 
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Figure  10.  Input  power  (delivered  to  a matched  load),  and  output  power  for  the  1 THz  tripler,  as 
well  as  the  predicted  output  power  with  4 mW  input.  Actual  input  differs  due  to  interactions.  No 
source  was  available  above  330  GHz. 
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Figure  11.  Photo  of  the  complete  1 THz  multiplier  chain,  consisting  of  (left  to  right)  100-1 10  GHz 
power  amp,  320  GHz  triplcr  and  1 THz  tripier.  The  output  waveguide  on  the  tripler  is  a transition 
from  circular  to  WR10,  to  match  to  the  power  sensor. 

Conclusions 

The  results  of  this  work  show  that  THz  monolithic  frequency  multipliers  are  quite 
practical,  with  excellent  performance.  A very  limited  data  set  indicates  that  they  are  also 
reproducible.  These  results  now  make  whiskered  devices  obsolete  at  all  frequencies.  At 
all  lower  frequencies,  planar  devices  have  already  shown  their  superiority,  particularly 
when  integrated  with  most  of  the  multiplier  circuitry.  The  requirement  to  achieve  such 
good  performance  is  that  the  circuit  must  be  simple,  and  there  must  be  an  absolute 
minimum  of  microstrip  or  other  planar  transmission  line  circuitry.  Any  such  circuitry 
must  be  used  with  careful  attention  to  the  losses  that  will  be  produced. 

The  efficiency  is  high  enough  to  make  practical  THz  solid  state  sources,  which 
only  need  to  produce  a few  pW  in  order  to  drive  SIS  or  HEB  mixers.  Cascaded  sources 
are  possible  with  little  power  ripple  vs.  frequency,  although  this  may  apply  only  over 
limited  bandwidths.  Membrane  circuits  are  quite  fragile,  yet  are  quite  robust  in  actual  use 
since  they  never  need  to  be  subjected  to  significant  strain.  Machining  of  the  blocks  is 
quick  and  easy  relative  to  any  previous  designs,  requiring  nearly  a factor  of  ten  less  time 
than  is  needed  for  a whiskered  device  at  the  same  frequency.  Assembly  is  remarkably 
easy  for  such  high  frequency,  and  a block  may  be  taken  from  machined  parts  to  fully 
functional  in  a time  of  ~4  hours. 

The  large  (3  inch)  wafer  size  means  that  many  devices  are  available,  even  with  a 
low  yield,  and  a single  wafer  may  contain  10’s  of  different  designs,  with  100’s  of  each 
design.  This  meets  the  requirements  for  a major  space  mission  such  as  FIRST,  and  also 
enables  a very  wide  range  of  other  uses.  While  a wafer  run  is  quite  expensive,  this 
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enormous  productivity  makes  circuits  in  the  THz  region  quite  affordable,  relative  to  their 
whiskered  equivalents,  and  the  long  term  reliability  is  certain  to  be  much  better  as  well. 


References 

[1]  P.H.  Seigel,  R.P.  Smith,  S.  Martin,  and  M.  Gaidis,  “2.5  THz  GaAs  Monolithic 
Membrane-Diode  Mixer,”  IEEE  Trans.  Microwave  Theory  Tech.,  v.  47,  pp.  596-604, 
May  1999. 

[2]  N.  Erickson,  “A  Fast  and  Sensitive  Submillimeter  Waveguide  Power  Meter,”  Tenth 
International  Symposium  on  Space  Terahertz  Technology,  pp.  501-507,  Mar.  99. 

[3]  E.  Schlecht,  J.  Bruston,  A.  Maestrini,  S.  Martin,  D.  Pukala,  R.  Tsang,  R.P.  Smith,  and 
I.  Mehdi,  “200  and  400  GHz  Schottky  Diode  Multipliers  Fabricated  with  Integrated  Air- 
dielectric  “Substrateless”  Circuitry,”  Eleventh  International  Symposium  on  Space 
Terahertz  Technology,  pp.  287-295,  May  2000. 

[4]  G.  Narayanan,  N.  Erickson,  and  R.  Grosslein,  “Low  Cost  Direct  Machining  of 
Terahertz  waveguide  Structures,”  Tenth  International  Symposium  on  Space  Terahertz 
Technology,  pp.  518-528,  Mar.  99. 

[5]  N.  Erickson,  R.  Smith,  and  S.  Martin,  “High  Efficiency  MMIC  Frequency  Triplers 
for  Millimeter  and  Submillimeter  Wavelengths,”  IEEE  MTT-S  Int’l  Microwave 
Symposium,  June  2000,  Boston. 

[6]  N.R.  Erickson,  and  J.  Tuovinen, ' 'A  Waveguide  Tripler  for  720-880  GHz,"  Sixth  lnt  7 
Symposium  on  Space  Terahertz  Tech.,  pp.  191-198,  1995. 

[7]  N.R.  Erickson,  “High  Performance  Dual  Directional  Couplers  for  Near-mm 
Wavelengths,”  to  be  published  in  IEEE  Microwave  and  Guided  Wave  Lett,  2001 


Part  of  the  research  described  in  this  paper  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  under  a contract  with  the  National  Aeronautics  and  Space  Administration. 


309 


12th  International  Symposium  on  Space  Terahertz  Technology 


A 1.2  THz  Planar  Tripler  Using  GaAs  Membrane  Based  Chips 


J.  Bruston*,  A.  Maestrini,  D.  Pukala,  S.  Martin,  B.  Nakamura  and  I.  Mehdi 

Jet  Propulsion  Laboratory ; California  Institute  of  Technology,  Pasadena , CA  91109 
*now  at  ESA-ESTEC,  Noordwijk,  NL 


1 ABSTRACT 

Fabrication  technology  for  Submillimeter-wave  monolithic  circuits  has  made  tremendous 
progress  in  recent  years  and  it  is  now  possible  to  fabricate  sub-micron  GaAs  Schottky  devices  on 
a number  of  substrate  types,  such  as  membranes  [1],  frame-less  membranes  [2]  or  substrateless 
circuits  [3].  These  new  technologies  allow  designers  to  implement  very  high  frequency  circuits, 
either  Schottky  mixers  or  multipliers,  in  a radically  new  manner. 

This  paper  will  address  the  design,  fabrication,  and  preliminary  results  of  a 1.2  THz  planar  tripler 
fabricated  on  a GaAs  frame-less  membrane,  the  concept  of  which  was  described  previously  [2]. 
The  tripler  uses  a diode  pair  in  an  antiparallel  configuration  similar  to  designs  used  at  lower 
frequency  [4].  To  date,  this  tripler  has  produced  a peak  output  power  of  80  (iW  with  0.9% 
efficiency  at  room  temperature  (at  1126  GHz).  The  measured  fix-tuned  3 dB  bandwidth  is  about 
3.5%.  When  cooled,  the  output  power  reached  a peak  of  195  pW  at  120  K and  250  |iW  at  50K. 
The  ease  with  which  this  circuit  was  implemented  along  with  the  superb  achieved  performance 
indicates  that  properly  designed  planar  devices  such  as  this  tripler  can  now  usher  in  a new  era  of 
practical  very  high  frequency  multipliers. 

2 INTRODUCTION 

For  a number  of  years  astrophysicists  and  radio  astronomers  have  been  demanding  a full 
submillimeter  survey-type  mission  to  investigate  phenomena  such  as  star  formation  and  galaxy 
evolution.  The  Far  Infrared  and  Submillimeter  Telescope,  FIRST  [5],  now  renamed  the  Herschel 
Space  Observatory,  HSO,  is  the  most  comprehensive  mission  for  these  frequencies.  In  the  initial 
planning  of  HSO  it  became  obvious  that  while  the  detector  elements  have  improved  considerably 
over  time  the  available  technology  for  broad  band  local  oscillator  sources  left  much  to  be  desired. 
Cascaded  multipliers  following  a fundamental  driving  source  have  been  the  working  horse  of 
local  oscillators  for  years  For  mass  and  volume  reasons,  solid  state  technology  is  favored  over 
heavy  and  bulky  molecular  lasers,  although  these  are  being  used  when  the  mission  permits  [6. 
Unfortunately  limitations  on  maximum  output  power  didnl  allow  their  use  for  flight  above  about 
300  GHz  (although  lab  demonstrations  had  been  done  up  to  1.4  THz  [7].)  First  made  with 
whisker  contacted  diodes,  frequency  multipliers  have  recently  been  developed  with  the  preferred, 
more  reliable,  more  reproducible,  and  easier  to  assemble,  planar  technology.  Improvements  in 
GaAs  processing  technology  have  allowed  for  the  design  of  GaAs  Schottky  varactor  multipliers 
up  to  the  higher  end  of  the  submillimeter- wave  range. 

In  our  attempt  to  push  the  fully  integrated  Schottky  diode  technology  to  supra  THz  frequencies, 
we  have  benefited  from  the  recently  available  power  amplifiers  that  operate  around  100  GHz  [8], 
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along  with  improvements  in  multipliers  at  sub-terahertz  frequency  [3].  Previously,  we  introduced 
the  frameless  membrane  and  presented  a number  of  design  concepts  to  reach  supra  THz 
frequency  [2].  This  paper  will  detail  the  concept  and  final  design  methodology,  fabrication  and 
preliminary  test  of  a GaAs  membrane  based  1 .2  THz  tripler.  We  believe  that  the  work  presented 
in  this  paper  is  a major  step  in  meeting  this  challenge  of  implementing  supra-THz  Local 
Oscillator  for  space-borne  receivers. 

3 DESIGN  AND  FABRICATION 

GaAs  membrane  based  planar  Schottky  devices  have  been  demonstrated  as  mixers  at  2.5  THz, 
with  very  impressive  results  [1,  6],  They  use  a 3 pm  thick  GaAs  membrane  suspended  across  the 
RF  waveguide  by  means  of  a sturdier,  50  pm  thick  GaAs  frame.  This  requires  that  the  waveguide 
be  perpendicular  to  the  membrane,  as  a traditional  split  waveguide  block  would  see  the  thick, 
high  dielectric  constant,  lossy  frame  in  the  waveguide.  This  results  in  several  design  constraints. 
To  gain  in  design  flexibility,  we  decided  to  design  and  fabricate  devices  without  any  frames  [2], 
Handling  and  assembly  turned  out  not  to  be  an  issue,  as  we  will  discuss  later.  To  allow  for  “drop- 
in”  assembly,  and  provide  simple  bias  connections,  we  decided  to  make  extensive  use  of  beam 
leads.  The  availability  of  the  membrane  allows  one  to  move  the  diodes  away  from  the 
waveguides,  to  which  they  are  coupled  by  means  of  stripline  matching  circuits  and  waveguide 
probes.  The  main  advantage  of  using  diodes  remote  from  the  waveguides  is  that  it  simplifies  the 
diode  analysis  and  optimization.  Also,  and  in  the  case  of  a balanced  tripler,  the  quasi  TEM 
coplanar  structure  with  grounds  on  chip  permits  the  two  diodes  to  be  biased  in  series,  simplifying 
the  biasing  circuit.  Finally,  it  ensures  that  only  the  TEM  mode  propagates  at  every  harmonic, 
simplifying  the  matching  circuit  design.  The  ground  planes  are  shorted  to  the  block  by  means  of 
wide  beam  leads,  which  also  provide  support  for  the  membrane  assembly  [2],  A sketch  of  the 
final  design  is  shown  in  Figure  1. 


Wide  beam  leads 
For  support  & 
DC7RF  ground 


p^'Output  waveguide 


GaAs  membrane 


Figure  1:  Final  design  of  the  frameless  tripler  is  shown  placed  inside  the  split  waveguide  block. 
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3.1  Device  optimization  and  Diode  loop 

The  tripler  utilizes  a diode  pair  in  an  antiparallel  configuration  similar  to  designs  used  at  lower 
frequency  [4].  This  configuration  has  the  distinct  advantage  that  only  odd  harmonics  are 
generated.  However,  it  requires  a carefully  designed  second  harmonic  idler  tuning  circuit.  The 
second  harmonic  current  flows  in  the  diode  loop  (fig.  2a),  which  needs  the  adequate  series 
reactance  for  resonating  the  third  harmonic  [9].  The  value  of  this  reactance  can  be  calculated,  like 
the  other  embedding  impedance  of  the  diode,  by  means  of  harmonic  balance  simulation  and 
optimization.  We  used  our  in  house  diode  model  of  the  JPL  made  planar  Schottky  diode  [10],  that 
we  updated  for  THz  frequency,  introducing  harmonic  dependent  series  resistance.  The  optimum 
diode  doping  and  size  is  found  using  only  one  diode  and  half  the  input  power.  We  used  a doping 
of  5xl017  cm'3  and  an  anode  of  0.4x1. 3 pm2.  However,  this  approach  can  not  provide  the 
embedding  impedance  of  the  final  configuration.  The  reactive  series  impedance  required  for  the 
idler  in  the  diode  loop  directly  impact  the  embedding  impedance  at  the  first  and  third  harmonic.  It 
is  therefore  important  to  first  optimize  this  loop  and  then  calculate  the  embedding  impedance. 

Our  approach  was  semi  empirical  and  iterative.  The  diodes,  the  diode  mesas,  and  the  air  bridges 
constitute  the  diode  loop  (fig.  2 b and  c).  A first  step  consisted  of  developing  an  electrical 
equivalent  circuit  for  this  structure,  where  the  air  bridges  are  replaced  by  inductances  modeled  as 
suspended  ribbon  (fig.  2 a).  This  allows  a first  optimization  leading  to  a starting  value  of  the 
inductance  for  best  idler  tuning.  In  turn,  this  inductance  permits  the  definition  of  the 
corresponding  air  bridges  (the  mesas  dimensions  were  fixed  in  the  design,  by  fabrication 
considerations).  However,  this  approach  is  approximate,  and  the  inductance  value  in  the  diode 
loop  is  not  well  described  by  the  equivalent  model.  This  is  due  to  the  fact  that  the  idler  reactance 
is  also  impacted  by  the  dimensions  of  the  channel  in  which  the  circuit  resides.  We  therefore  use 
the  now  well  developed  technique  of  3D  electromagnetic  simulation  [10]  (with  Ansoft  HFSS)  to 
evaluate  the  inductance  in  the  loop  (fig.  2 b).  The  computed  S-parameters  of  the  structure  are 
inserted  into  the  harmonic  balance  for  performance  calculation.  This  time,  we  use  terminations 
only  at  the  first  and  third  harmonics,  as  the  second  harmonic  idler  is  contained  in  the  S- 
parameters.  Fine  tuning  of  the  air  bridges  length  and  width  permits  some  further  performance 
improvement.  However,  we  never  matched  the  diode  maximum  performance  computed  with  ideal 
embedding  impedance  and  idler.  The  air  bridge  length  and  width  provide  some  flexibility  in 
tuning  the  inductance,  but  one  must  also  tune  the  cavity  in  which  the  circuit  resides  to  obtain 
optimum  values.  However,  for  our  first  iteration,  we  decided  not  to  use  this  parameter  as  a tuning 
variable,  to  simplify  the  design.  This  shall  be  optimized  in  future  iterations.  In  spite  of  this,  the 
compromised  performance  is  a good  trade  off.  As  a matter  of  fact,  the  idler  inductance  makes  the 
diode  structure  very  high  Q at  the  third  harmonic,  compromising  the  final  design  bandwidth.  The 
non-optimum  idler  reduces  this  effect,  allowing  for  a relatively  wide  band  design. 

3.2  Waveguide  probes 

Removing  the  diodes  from  the  waveguide,  either  input  or  output,  provides  a safe  quasi  TEM 
mode  environment  for  the  diodes  and  circuits,  together  with  a simple  bias  scheme.  Furthermore,  it 
allows  us  to  separate  carefully  the  different  issues  inherent  to  this  kind  of  design:  the  diode 
optimization  and  implementation,  the  waveguide  to  planar  circuit  transitions,  the  waveguide  to 
open  propagation  (horn,  see  below),  and  finally  the  matching  between  the  different  pieces. 
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One  doesnt  need  to  design  the  CPW  to  waveguide  probe  to  have  any  particular  impedance 
termination,  as  the  matching  circuit  between  the  probes  and  the  diodes  does  not  need  to  transform 
to  50  Ohms,  the  value  usually  used  to  design  probes.  The  impedance  of  the  diodes  nominally  has 
a fairly  low  real  part  and  some  reactive  part.  It  will  greatly  help  the  matching  circuit  design  to 
obtain  a probe  termination  impedance  close  to  the  diode’s  conjugate  impedance. 


(a) 


(b) 


(c) 


Figure  2:  (a)  The  diodes  have  an  antiparallel  configuration  restraining  the  second  harmonic 
current  in  the  diode  loop.  This  loop  must  have  the  right  impedance  at  the  second  harmonic  to 
maximize  third  harmonic  production,  (b)  The  diode  structure  as  simulated  with  HFSS  showing 
the  mesas  and  air  bridges  part  of  the  diode  loop  seen  by  the  second  harmonic  current,  (c) 
Photograph  of  the  same  diodes  after  fabrication. 


We  used  this  philosophy  in  our  design,  picking  any  probe  dimension  (length  and  width)  that  we 
knew  would  work  somewhat  without  introducing  too  much  resonance.  We  only  provided  for 
length  optimization,  by  simulating  a few  with  HFSS  and,  having  inserted  the  aggregate  results  as 
a 2 dimensional  matrix  in  the  harmonic  balance,  letting  the  simulator  extrapolate  the  best  length. 
This  worked  so  well  that  we  actually  found  an  output  probe  with  a termination  impedance  almost 
perfectly  matching  the  diodes  at  the  third  harmonic.  This  is  a great  result,  as  this  means  the  diodes 
could  be  almost  in  the  plane  of  the  transition,  which,  due  to  the  waveguide  cut-off,  provides  for 
the  required  first  harmonic  short  without  the  need  for  additional  lossy  circuit  features.  However, 
this  also  introduced  an  iteration  in  the  calculation  of  the  embedding  impedance,  as  the  close 
proximity  of  the  diodes  to  the  output  waveguide,  meant  that  some  effect  due  to  evanescent  modes 
had  to  be  taken  into  account. 


The  probes  are  designed  as  metal  beam  leads,  with  all  the  GaAs  removed  from  the  waveguide. 
This  implementation  yields  a wider  bandwidth  transition  and  reduced  loss.  The  aspect  ratio  of  the 
probe  (20  pm  wide,  175  pm  long,  1 pm  thick)  provides  enough  mechanical  robustness  and 
sturdiness. 


3.3  Matching  circuit 

The  output  match  was  non  existent  as  the  probe  provided  the  right  impedance.  The  remaining 
match,  to  the  hom,  was  made  using  waveguide  sections  (see  below). 

The  input  matching  circuit  had  to  match  from  the  diode  impedance  at  the  first  harmonic  to  the 
input  waveguide  probe  impedance,  together  with  providing  a short  at  the  third  harmonic.  This 
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was  done  using  a two  sections  high-low  impedance  Chebyschev  transformer.  It  is  desirable  to 
work  with  a small  number  of  sections,  in  order  to  reduce  loss,  and  maintain  a small  robust  circuit. 
The  price  is  reduced  bandwidth.  As  we  did  not  need  to  go  through  50  Ohms,  two  sections 
provided  sufficient  bandwidth  and  a simpler  design  for  our  first  iteration.  If  the  bandwidth 
appears  too  narrow,  additional  sections  can  be  added  in  subsequent  design  iterations. 

3.4  Bias  circuit 

The  diode  optimization  and  performance  computation  showed  an  optimum  bias  close  to  0V.  This 
allowed  for  an  unbiased  nominal  circuit  design,  which  would  provide  testable  devices  in  the  event 
that  implementation  of  the  bias  circuit  failed.  However,  we  provided  for  bias  on  some  circuits,  to 
help  debugging,  and  to  test  the  concept  for  future  designs  that  may  require  bias. 

Since  the  two  diodes  are  in  series  between  the  two  ground  planes  of  the  CPW  circuit,  to  provide 
for  bias,  we  needed  to  keep  one  ground  plane,  via  its  beam  lead,  DC  grounded,  by  shorting  to  the 
block.  The  connection  of  the  diodes  to  the  opposite  ground  plane,  therefore,  has  to  provide  for 
DC  decoupling.  The  solution  is  to  run  an  air  bridged  interconnect  line  from  one  of  the  diodes  to  a 
MIM  capacitor  on  the  CPW  ground  plane.  This  capacitor  provides  for  RF  short  and  DC 
decoupling.  A narrow,  high  inductance  MIM  line  connects  the  capacitor  to  a DC  bond  pad 
located  in  a side  channel  in  the  block.  The  quasi  TEM  mode  nature  of  the  circuit  prevents  any 
leakage  of  the  RF  through  the  bias  channel.  We  ensured  that  was  the  case  using  HFSS  simulation 
of  the  whole  structure  and  looking  at  RF  leakage  at  the  end  of  the  channel. 

However,  the  narrow  ground  plane  on  membrane  didnt  provide  much  space  for  the  MIM 
decoupling  capacitor.  The  calculated  capacitor  impedance  at  the  first  harmonic  is  4 Ohms.  In 
spite  of  this  fairly  high  value,  the  measured  results  show  that  the  bias  circuit  has  little,  if  any, 
impact  on  performance.  Figure  3 shows  the  bias  circuit  after  fabrication. 

3.5  Housing  block  and  output  horn 

The  housing  block  uses  a traditional  split  waveguide  configuration,  with  the  tripler  chip 
positioned  in  a channel  joining  the  two  parallel  waveguides.  This  configuration  allows  for  in  line 
input  - output  waveguides,  low  loss  waveguide  split  as  the  cut  is  placed  in  the  E plane  of  the  TE)0 
dominant  mode,  and  simple  machining  using  high  precision  NC  milling  tools. 

The  400  GHz  input  waveguide  is  terminated  by  an  in  house  designed  flange  used  as  a standard 
for  all  our  high  frequency  designs.  The  transition  from  the  output  waveguide  to  free  space 
propagation  is  made  by  means  of  a built-in  transition  from  rectangular  to  circular  waveguide  and 
Picket  Potter  hom  [11]. 

3. 6 Circuit  fabrication 

The  membrane  chip  fabrication  was  described  in  detail  in  [2].  Extensive  use  of  a projection 
aligner,  dry  etch  techniques  and  etch  stop  layers  all  contributed  to  high  circuit  yields.  The 
biasable  circuits  had  somewhat  reduced  yields,  due  to  the  presence  of  circuit  designs  with  thick 
GaAs  support  frames  that  interfered  with  some  of  the  backside  lithography.  This  problem  could 
be  eliminated  in  the  future  by  processing  the  1 .2  THz  circuits  separately.  The  fabricated  chip  is 
shown  in  fig. 3. 
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(a)  (b) 


Figure  3:  a)  A fabricated  L2  THz  tripler  after  assembly  into  the  waveguide  block,  showing  bias 
circuit , RF  probes  and  "drop  in"  support  beam  leads,  b)  SEM  of  the  bias  circuit  showing  MIM 
capacitor  with  Air-bridge  to  ohmic,  and  DC  line  to  bias  pad. 


4 PERFORMANCE 


4.1  Simulation 

It  is  difficult  to  accurately  predict  multiplier  performance  at  supra  THz  frequencies.  Performance 
calculation  is  based  on  harmonic  balance  simulation  of  the  active  elements  (the  Schottky  diodes), 
and  3D  electromagnetic  simulation  of  the  circuit  topology  (mesas  and  air  bridges,  CPW  matching 
circuit,  waveguide  to  CPW  transitions,  etc.). 

The  harmonic  balance  accuracy  relies  on  the  analytical  model  developed  for  the  JPL  made 
Schottky  diode  [10].  This  model  has  been  verified  at  least  to  100  GHz  by  means  of  comparison  to 
vector  network  measurements  of  JPL  diodes.  However,  several  effects  render  this  model 
approximate  at  supra  THz  frequencies  [12].  When  the  classical  model  is  used  (as  described  in 
[10]),  we  find  a tripling  efficiency  of  about  8%.  This  is  obviously  an  overestimation.  An 
improved  model,  including  a frequency  dependent  series  resistance  (Rs)  that  more  than  triples  its 
value  at  the  third  harmonic  (1.2  THz)  yields  an  efficiency  of  about  2 %.  To  further  evaluate  the 
impact  of  Rs  on  performance,  we  can  apply  a correction  factor,  as  illustrated  in  figure  4b.  As  will 
be  seen  later,  measurements  yielding  efficiencies  of  nearly  1%  indicate  that  a correction  factor  of 
no  more  than  1.5  is  necessary  at  these  frequencies.  In  any  case,  current  models  provide  a 3 dB 
estimation  of  the  performance,  which  while  not  perfect  can  allow  for  further  optimization  of  the 
device  structure. 
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Similarly,  the  accuracy  of  the  3D  electromagnetic  simulation  relies  on  the  ability  to  simulate  the 
fabricated  structure.  At  supra  THz  frequencies,  small  details  such  as  mesa  height,  ignored  at  sub 
THz  frequencies,  become  important  parameters.  However,  simulating  these  fine  structures 
becomes  computationally  intensive,  and  often  it  is  not  possible  to  obtain  convergence. 
Furthermore,  the  sheer  size  of  these  features  is  within  the  accuracy  of  device  fabrication,  and  it 
becomes  difficult  to  guaranty  exact  feature  sizes. 

These  restrictions  make  the  prediction  of  performance  somewhat  academic  at  supra  THz 
frequencies.  However,  as  part  of  the  design  process,  this  calculation  is  used  to  establish  a nominal 
design.  Doing  so,  we  found  a calculated  performance  of  better  than  1%  over  a 15%  bandwidth 
centered  around  1200  GHz,  with  10  mW  input  power.  The  design  performance  is  summarized  in 
Fig  4a. 

Finally,  it  is  important  to  evaluate  the  tolerance  of  our  design  to  one  of  the  most  critical 
fabrication  issue,  the  anode  size.  Using  the  tools  described  above,  we  were  able  to  calculate  the 
efficiency  of  the  tripler  as  a function  of  the  anode  length.  This  simulation  shows  a clear  optimum, 
close  to  the  designed  length  value.  One  important  result  is  that,  although  the  performance 
degradation  can  reach  50%  for  a 50%  change  in  anode  size,  it  is  negligible  for  variations  within 
20%  of  nominal.  As  illustrated  by  figure  4,  the  efficiency  is  more  strongly  influenced  by  small 
variations  on  the  series  resistance  model  than  by  anode  size  for  a fixed  model. 


Output  frequency  (GHz)  Anode  length  (um) 

(a)  (b) 


Figure  4:  a)  Efficiency  as  a function  of  frequency , for  the  final  tripler  design  computed  with 
harmonic  balance,  using  JPL  diode  model,  and  S-parameters  from  Ansofi  HFSS:  input  power  is 
10  mW  over  360  to  440  GHz,  0 V bias,  b)  Efficiency  as  a function  of  anode  length  and  series 
resistance,  with  10  mW  input  power  at  a fixed  frequency  of 400  GHz , and  0V  bias.  It  is  important 
to  note  that  these  results  are  for  the  specific  design,  and  not  the  intrinsic  diode  performance  with 
ideal  embedding. 

4.2  Assembly 

Assembly  of  the  tripler  chip  in  the  housing  block  is  made  straight  forward  by  the  "drop-in" 
approach.  As  the  nommal  device  needs  no  bias,  it  is  sufficient  to  drop  the  chip  in  place,  tuning  its 
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position  for  proper  probe  alignment  in  the  waveguides.  The  mating  of  the  two  halves  of  the  split 
housing  waveguide  block  holds  the  chip  in  place  by  ’’clamping"  the  ground  beam  leads  thus 
ensuring  a good  RF  ground.  No  soldering  or  bonding  is  necessary.  The  assembly  of  the  biasable 
version  requires  a more  complex  procedure,  as  it  is  necessary  to  either  bond  or  solder  the  DC  feed 
to  the  bias  pad  that  extends  from  the  membrane.  The  original  design  did  not  permit  bonding,  and 
soldering  is  difficult  due  to  the  small  size  of  the  pad.  A new  design  shall  provide  for  clamping  the 
bias  pad  beam  lead  in  a similar  manner  to  the  ground  beam  leads. 

4.3  Measurements 

Preliminary  measurements  have  been  performed  using  the  set  up  described  in  [13].  The  tripler  is 
driven  using  a 400  GHz  solid  state  source  composed  of  a 100  GHz  HEMT  power  amplifier 
module  [8]  followed  by  two  doublers.  The  fundamental  source  is  a 100  GHz  BWO  used  for 
convenience  and  lab  availability.  This  chain  delivers  a peak  output  power  of  approximately  8mW 
at  375  GHz.  The  1.2  THz  tripler  output  power  is  measured  by  means  of  a Thomas  Keating 
calorimeter  [13]. 

Room  temperature  RF  measurements  of  the  tripler  have  provided  a maximum  output  power  of 
about  70  |iW  at  1126  GHz,  or  a 0.9%  conversion  efficiency,  with  a 3 dB  fix-tuned  bandwidth  of 
3.5  %.  Measured  output  power  of  the  tripler  along  with  the  input  power  are  shown  in  Figure  5. 
Note  that  there  are  no  movable  tuners  on  the  entire  chain.  The  output  power  follows  the  input 
power  level  and  the  efficiency  is  fairly  independent  of  frequency  over  the  measured  band.  This 
performance  is  achieved  with  the  smaller  than  nominal  anode  of  0.9x0.4  |xm2,  as  the  nominal 
design  (1.3  x 0.4  |im2)  was  optimized  for  10  mW  of  input  power.  With  only  8 mW  of  input 
power,  the  nominal  diodes  are  under-pumped,  hence  the  need  for  a smaller  anode  to  provide  a 
diode  impedance  compatible  with  the  circuit.  This  is  encouraging,  as  we  think  that  the  design  will 
show  an  increased  efficiency  and  bandwidth  with  an  increased  and  flat  input  power  profile. 
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Figure  5:  Measured  frequency  response  of  the  fix-tuned  tripler  along  with  the  available  input 
power . The  bandwidth  and  maximum  output  are  restricted  by  the  limited  input  power. 
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Room  temperature  measurements  made  with  a different  first  stage  doubler  yielding  higher  power 
at  400  GHz  provided  80  pW,  or  0.9  % efficiency,  at  1126  GHz.  When  cooled,  the  two  doublers 
and  tripler  chain  yielded  195  pW  at  120K,  and  250  pW  at  50K. 

Measurements  of  the  biased  chip  were  made  with  the  nominal  size  anode  devices  only,  as  the 
other  anode  sizes  lacked  bias  circuitry.  The  biased  chips  did  not  show  any  improved  performance 
when  compared  to  non  biased  ones  of  similar  size.  Furthermore,  the  optimum  bias  voltage  was 
found  to  be  close  to  0 V,  confirming  our  design  analysis. 

5  CONCLUSION 

We  have  designed,  fabricated  and  done  preliminary  measurements  on  a 1.2  THz  planar  tripler  that 
incorporates  a free  standing  GaAs  membrane  and  multiple  beam  leads.  This  design  has  proven 
robust,  easy  to  assemble,  with,  at  the  time  of  this  writing,  record  performance  for  a supra  THz 
multiplier.  This  result  validates  the  use  of  integrated  planar  technology  for  THz  multiplier,  and 
demonstrates  the  viability  of  the  technology  for  projects  such  as  HSO. 
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ABSTRACT 

The  design  and  performance  of  a 0.9  THz  to  2.7  THz  waveguide  tripler  are  presented.  An 
unusual  split  block  configuration  with  parallel  input  and  output  waveguides  accommodates  a 
monolithic  membrane  diode  (MoMeD)  circuit  [1,2].  Submicron  planar  GaAs  Schottky  diodes  in 
single  and  antiparallel  pairs  are  implemented  with  matching  filters  on  a 3 pm  thick  suspended 
substrate  as  part  of  the  MoMeD  structure.  The  filters  are  a combination  of  short  hammerheads 
[3]  and  high-low  impedance  elements.  Only  a few  circuit  variations  have  been  measured  to  date. 
The  best  current  performance  shows  an  output  power  of  0.1  pW  and  an  efficiency  of  0.002%  at 
the  band  center  frequency  of  2.55  THz. 


INTRODUCTION 

The  submillimeter-wave  spectral  bands  from  300  THz  to  3 THz  are  some  of  the  least  explored, 
yet  information  rich,  regions  of  the  electromagnetic  spectrum  with  applications  in  radio 
astronomy,  planetary  science,  and  Earth  remote  sensing.  To  reach  the  frequency  regime  above 
one  THz  with  high  resolution,  high  sensitivity  spectral  line  detectors,  local  oscillators  (LO) 
sources  are  desperately  needed.  For  space  applications  it  is  essential  that  such  sources  be 
realized  with  robust,  low  power  consuming,  solid-state  technology.  Likewise  the  source  must  be 
strong  enough  (1  to  50  pW)  to  pump  superconductor-insulator-superconductor  (SIS)  mixers  or 
hot-electron-bolometer  (HEB)  mixers.  Recently  a 1 .2  THz  solid-state  source  with  70  pW  output 
power  was  demonstrated  at  JPL  using  planar  Schottky  diode  multipliers  and  a power  amplifier  at 
W-band  [4],  The  highest  reported  LO-frequency  generated  by  a multiplier  using  planar  Schottky 
diodes  is  1.5  THz  (a  doubler  pumped  by  a far  infrared  laser).  The  observed  output  power  was 
40  p.W  [5].  With  a traditional  whisker  contacted  frequency  tripler,  15  p.W  at  1.4  THz  was 
obtained  [6]  using  a backward  wave  oscillator  (BWO)  at  450  GHz.  The  advantages  of  using 
planar  diode  multiplier  designs  instead  of  whisker-contacted  diodes  are  mechanical  robustness, 
reproducibility,  and  simplified  handling  and  mounting.  These  features  are  of  great  advantage  for 
space  applications. 

In  this  paper  we  present  the  design  and  performance  of  a 2.7  THz  waveguide  tripler  which  was 
originally  intended  to  be  one  of  the  upper  stages  of  a multiplier  chain  on  the  Far  Infrared  and 
Submillimeter  Space  Telescope  (FIRST/Herschel).  Since  a solid-state  pump  source  at  850  GHz 
was  not  available,  we  used  a far  infrared  laser  as  an  input  source  for  the  measurements  reported. 
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MONOLITHIC  MEMBRANE  DIODE  (MOMED)  CIRCUIT 

The  0.9  THz  to  2.7  THz  frequency  tripler  uses  the  monolithic  membrane  diode  (MoMeD) 
fabrication  techniques  [7]  developed  for  a 2.5  THz  Schottky  diode  mixer  [1],  The  performance 
of  high  frequency  circuits  suffers  dramatically  due  to  substrate  losses.  In  order  to  keep  the 
circuit  losses  as  low  as  possible  the  active  and  passive  high  frequency  structures  are  defined  on  a 
very  thin  GaAs  membrane,  as  shown  in  Figure  1.  The  dimensions  of  the  membrane  are:  3 pm 
thick,  30  pm  wide,  and  approx.  700  pm  long.  The  membrane  is  attached  to  a sturdy  50  pm  thick 
GaAs  frame  (outer  dimensions:  1.5  mm  x 1.0  mm)  to  provide  mechanical  rigidity  and  facilitate 
the  handling  of  the  device  during  fabrication  and  mounting.  The  complexity  of  the  multiplier 
circuit  is  higher  than  the  mixer  circuit  [1]  because  we  implemented  beam  leads  on  top  of  the  thin 
membrane  (Figure  lb).  They  provide  the  connection  to  ground  for  the  DC  bias  loop  and  for  the 
RF.  The  dimensions  of  the  beam  leads  (Fig.  lb)  are:  1 pm  thick,  15  pm  long,  and  10  pm  wide. 
The  complete  MoMeD  circuit  is  defined  on  a MBE  grown  semi-insulating  GaAs  wafer  with  a 
heavily  doped  (5xl017/cm3)  epitaxial  layer  of  100  nm  thickness. 


Fig.  1.  Left  (la):  SEM  photo  of  the  MoMeD  circuit.  Right  (Fig  lb):  Close  up  of  the  diode  and  the  beam  lead  on  the 
membrane. 


The  planar  Schottky  diode  and  the  RF  filters  are  defined  on  top  of  the  membrane  (Figure  2), 
which  is  suspended  at  the  center  of  a 50x50  pm2  rectangular  channel.  The  cutoff  frequency  for 
this  channel  is  3 THz.  Therefore  only  the  propagation  of  a coaxial  mode  through  the  membrane 
is  possible.  This  mode  is  transformed  into  a TE  fundamental  waveguide  mode  at  the  output, 
where  the  diode  is  defined,  and  at  the  input  where  an  E plane  probe  is  located.  The  waveguides 
are  separated  by  a distance  of  250  pm  and  orientated  perpendicular  to  the  membrane  [Fig.  2], 
Between  the  waveguides  an  input  band-pass  filter  is  implemented  which  passes  the  fundamental 
frequency  and  rejects  the  second  and  third  harmonics.  To  provide  the  diode  with  DC  bias  an 
input  band-stop  and  RF/DC  short  (including  >74  band-stop)  were  necessary.  The  GaAs  frame 
supports  the  bias  return  and  the  DC  bias  beam  lead  for  connection  off  the  frame. 

The  ability  to  bias  the  diode  is  important  for  monitoring  the  coupling  of  input  power  and 
optimization  of  the  output  power  while  the  diode  is  operating  mainly  in  the  resistive  mode. 
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Fig.  2:  MoMeD  circuit  and  filter  performance  (modelled).  Top:  Filter  responses  of:  the  RF/DC  short  including  X/4 

band-stop  (left),  the  band-pass  (middle),  and  the  band-stop  (right);  Bottom:  Mounted  single  diode  circuit  close  up. 


Two  circuits  using  different  diode  configurations  were  designed  and  implemented  on  the 
membrane.  One  configuration  has  a single  submicron  diode  (Fig.  lb)  and  the  other  consists  of 
an  antiparallel  diode  pair  arrangement.  The  antiparallel  pair  circuit  generates  only  odd 
harmonics  and  is  similar  to  designs  used  at  lower  frequencies  [8].  In  both  configurations  the 
diodes  are  defined  in  the  output  waveguide,  which  is  cutoff  at  the  second  harmonic.  The 
antiparallel  diode  pairs  are  centered  in  the  output  waveguide  while  the  single  diode  circuits 
include  variations  with  the  diodes  centered,  as  well  as  next  to,  the  output  waveguide  wall. 
During  the  circuit  simulations  both  locations  were  found  to  have  reasonable  performance.  The 
complete  MoMeD  circuit  integrated  in  the  filter  channel  (Figure  2)  was  simulated  using  a high 
frequency  structure  simulator  (HFSS)  as  well  as  modeled  on  an  X/Ka  band  mockup  (1:135  scale) 
with  commercial  beam  lead  devices.  For  simulating  the  individual  filter  response  we  also  used 
an  electromagnetic  simulator  based  on  conformal  finite-difference  time-domain  (FDTD)  [9]. 
Final  locations  for  the  filter  elements  followed  more  detailed  non-linear  numeric  analysis  in 
Microwave  Design  System  (MDS)  [10]  with  the  diode  model  developed  in  [11].  In  order  to 
compensate  for  inaccuracies  in  the  diode  model  at  frequencies  above  500  GHz  we  varied  the 
anode  size  on  the  GaAs  wafer.  The  single  diode  designs  have  anodes  of  0.4  to  0.8  pm2  (Cjo 
varies  from  1.1  fF  to  2.5  fF)  and  the  antiparallel  diodes  have  a nominal  anode  area  of  0.5  and 
1 pm2  (Cjo  = 1 .25  fF,  2.5  fF)  per  anode. 
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During  the  simulations  it  was  found  that  the  position  of  the  R F short  on  the  membrane  had  a 
large  effect  on  the  predicted  conversion  efficiency.  Therefore  we  implemented  two  variations  of 
the  RF/DC  short  position  to  define  a virtual  ground  at  the  wall  of  the  output  waveguide.  One 
variation  has  the  beam  lead  ground  exactly  at  the  output  waveguide  wall  and  the  other  has  it  A/2 
(95  pm)  away,  as  shown  in  figure  2.  Likewise  the  input  band-stop  filter  was  found  to  impact  the 
band-pass  filter  response  between  the  input  and  output  waveguides  significantly.  A further 
constraint  was  to  design  the  filters  to  be  as  compact  as  possible  to  reduce  high  frequency  losses. 
Therefore  we  used  a combination  of  hammerhead  [3]  sections  and  high-low  impedances.  All 
filters  were  first  optimized  separately  and  then  integrated  in  the  MoMeD  circuit  design.  One 
challenge  was  to  reduce  the  interaction  of  the  filter  elements.  By  iteratively  changing  the  relative 
position  and  slightly  varying  the  filter  element  dimensions  we  were  able  to  move  the  undesirable 
resonances  out  of  the  desired  frequency  bands  (fundamental,  2nd,  and  3rd  harmonic). 

WAVEGUIDE  BLOCK 


The  housing  for  the  MoMeD  circuit  (Fig.  3)  was  designed  to  minimize  mechanical  complexity. 
It  employs  an  unusual  split-block  configuration  in  which  the  waveguides  lie  parallel  to  one 
another  (Fig.  4).  Dual  mode  horns  are  integrated  in  both  parts  of  the  split  block.  The  MoMeD 
circuit  is  mounted  in  the  half  which  contains  the  output  hom.  When  the  blocks  are  joined 
together  they  can  be  optically  aligned  using  a microscope  viewed  through  the  hom  aperture.  The 
precision  for  this  procedure  was  better  than  5 pm. 
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Mechanical  drawing  of  MoMeD  tripler  block  (x-section) 


Dual  frequency  metal  machined  waveguide  block  with  etectroformed  RF  inserts,  inline  input/output  feedhorns, 
micromachmed  backshort  cavities,  single  suspended  substrate  cavity,  GaAs  MOMED  diodes  and  support  frame, 
and  DC  bias  port. 


Fig.  3:  Assembled  MOMED  tripler. 
The  outer  block  dimensions  are: 
HxWxL  = 16  x 20  x 10  mm  (without 
the  SMA  connector). 


Fig.  4:  MoMeD  multiplier  block  shown  in  cross  section. 


Power  coupling  at  the  input  and  the  output  of  the  MoMeD  circuit  is  accomplished  with  dual 
mode  Pickett-Potter  feed  horns  [12].  We  machined  the  horns,  together  with  a short  waveguide 
section,  in  an  aluminum  mandrel  (Fig.  5).  After  the  machining,  the  mandrels  were  electro  formed 
with  copper  and  the  aluminum  was  etched  out.  The  finished  copper  inserts  were  then  pressed 
into  a bore  hole  in  the  two  halves  of  the  split  block. 
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The  horns  and  waveguide  transitions  were  analyzed  with  the  aid  of  an  electromagnetic  simulator 
(HFSS).  The  calculated  return  loss  of  the  rectangular-to-circular  transition  (left  in  Fig.  3)  is 
better  than  20  dB.  Note  that  the  input  waveguide  is  14  height  to  reduce  the  impedance  for  better 
diode  matching.  The  return  loss  for  the  output  transition  was  better  30dB. 


Frequency  [GHz]  Frequency  [GHz] 


Fig.  5:  Calculated  return-loss  of  input  and  output  circular  to  semi-circular-sided  waveguide  transition. 

Left:  The  input  transition  with  integrated  full  height  to  reduced  height  waveguide  transformer  is  displayed. 

S 1 1 is  better  than  20dB . 

Right:  The  output  transition  with  a part  of  the  output  feedhom  is  also  displayed.  SI  1 is  better  than  30dB. 

In  order  to  house  the  MoMeD  circuit,  a relief  hole  was  machined  into  the  output  block  as  shown 
in  Fig.  6.  The  output  backshort  cavity  depth  was  varied  in  several  blocks  and  machined  directly 
into  the  opposite  block  half.  A similar  cavity  was  milled  in  the  half  containing  the  device  to 
serve  as  an  input  tuning  short.  The  suspended  substrate  channel  with  a cross  section  of 
50x50  pm2  was  milled  only  in  the  output  block.  The  channel  crosses  the  output  waveguide  and 
the  input  backshort  cavity  at  their  centers  and  accommodates  the  membrane  of  the  MoMeD 
circuit.  The  membrane  is  mounted  at  the  vertical  center  of  the  suspended  substrate  channel  with 
an  accuracy  of  better  than  2 pm.  Cyanoacrylate  glue  was  used  to  hold  the  MoMeD  circuit  in  the 
output  block.  The  DC  bias  input  beam  lead  formed  on  the  GaAs  frame  was  bonded  to  a 
capacitor.  A bond  wire  connects  the  capacitor  with  the  center  pin  of  an  SMA  connector.  The 
beam  leads  on  the  membrane  itself  were  intended  to  provide  both  DC  and  RF  shorts  near  the 
output  waveguide,  but  they  did  not  always  provide  adequate  contact,  hence  extra  bond  wires 
were  connected  from  the  MoMeD  frame  to  ground. 

Variable  depth  waveguide  backshort  cavities  (Fig.  2)  were  directly  micro-machined  into  both 
halves  of  the  split  block.  The  depth  of  the  output  backshort  was  varied  in  steps  of  0,  10,  20,  30 
and  45  pm  with  a cross-section  of  80x40  pm.  The  input  backshort  cavity  in  the  output  block 
(Fig.  6)  has  two  different  depths,  175  pm  and  95  pm.  Its  cross-section  is  250x62  pm.  The  direct 
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machining  simplified  the  block  fabrication  and  allowed  the  backshort  cavity  to  be  positioned 
within  2 pm  total  accuracy  relative  to  the  waveguide  of  the  feedhom  (Fig.  6).  However  this 
design  means  many  separate  blocks  are  required  to  perform  RF  tuning.  Because  the  tuning 
shorts  were  cut  with  a single  pass  of  an  endmill  whose  diameter  was  equal  to  the  waveguide 
height,  the  resulting  guide  has  semi-circular-sided  broad  walls.  In  order  to  reduce  mismatch,  the 
same  shape  was  machined  into  the  waveguide  sections  of  both  horn  mandrels  (Fig  5.).  A similar 
waveguide  is  used  on  the  much  lower  frequency  Pacific  Millimeter  power  detectors.  Simulations 
indicate  that  the  width  must  be  increased  slightly  over  that  of  a straight  sidewall  rectangular 
waveguide  to  match  the  desired  cutoff  frequency  [13],  but  the  performance  is  otherwise 
unaffected. 


block  of  the  2.7  THz  tripler,  with  mounted  MoMeD  circuit. 

A relief  with  approx.  100  pm  depth  for  the  MoMeD  circuit  is  shown,  the  output  waveguide 
(80x40  pm)  is  lightened,  the  50x50  pm  rectangular  waveguide  is  crossing  the  input  backshort 
cavity  (250x62  pm)  and  the  output  waveguide  in  the  center. 

Assembled  MoMeD  device.  On  the  top  the  bias  loop  is  grounded,  on  the  bottom  there  is  the  bias 
capacitor  and  the  bond  wire  to  the  SMA  visible. 

To  optimize  the  output  power,  the  depth  of  the  input  waveguide  cavity  was  varied  by  swapping 
block  halves.  To  optimize  the  input  power  similar  MoMeD  devices  were  used  in  a series  of 
blocks  each  with  a different  cavity  depth  for  the  input  waveguide.  The  diodes  bias  current  was 
monitored  in  video  detection  mode  for  these  measurements.  The  advantage  of  this  split-block 
arrangement  is  short  input/output  waveguide  lengths.  Although  the  calculated  waveguide  loss  at 
2.5  THz  is  very  low  (<.05  db/100  microns  [14,15]),  the  actual  measured  loss  will  be  much 
higher. 


Fig.  6:  Output 
Left  side: 

Right  side: 
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MEASUREMENT  SYSTEM 

The  tripler  measurement  setup  is  shown  in  Figure  7.  As  no  solid-state  source  was  available  at 
the  time,  a strong  (>100W)  carbon  dioxide  (C02)  laser  [16]  was  used  to  pump  a far-infrared 
(FIR)  laser.  Sufficient  output  power  of  the  FER  laser  at  two  frequencies  in  the  range  from  780  to 
900  GHz  was  produced  to  pump  the  tripler.  A Fabry  Perot  filter  was  used  to  stabilize  the  C02 
laser  at  the  selected  pump  frequency.  The  output  power  of  the  FIR  laser  was  measured  with  a 
commercial  power  head  with  30%  accuracy,  since  it  could  not  be  calibrated  for  this  frequency 
range.  The  FIR  output  was  mechanically  chopped  and  focused  into  the  input  hom  of  the  tripler. 
The  output  power  of  the  multiplier  was  detected  with  a 4K-cooled  Silicon-bolometer  in  direct 
detection  video  mode.  A pre-amplifier  with  200x  and  lOOOx  magnification  is  integrated  on  the 
cold  stage  of  the  bolometer.  With  a magnification  of  200x  the  bolometer  was  calibrated  at 
2.5  THz.  The  measured  sensitivity  was  Rv=(5.5±1.0)xl0s  Vp-p/W.  To  shorten  the  output  path 
the  detector  was  mounted  as  close  as  possible  to  the  output  feedhom  of  the  tripler.  This  was 
necessary  since  a strong  water  absorption  line  at  2523  GHz  is  present.  Further  we  suppressed 
standing  waves  by  placing  absorber  strategically  around  the  input  window  of  the  detector. 
Output  power  was  optimized  by  adjusting  the  DC  bias  on  the  diode. 


Chopper 


4K  Si-Bolometer 


Fig.  7:  FIR  laser  tripler  test  setup. 

RESULTS 

Preliminary  results  were  obtained  with  two  single  diode  circuits  mounted  in  the  waveguide 
block.  In  both  cases  the  anode  size  was  0.4  x 1 .9  pm2  (Cj0  = 2 fF).  The  RF/DC  short  was  placed 
at  a distance  of  94  pm  from  the  waveguide  wall  as  displayed  in  Fig.  6.  Typical  measured  device 
I/V  characteristics  are:  series  resistance  Rs=  6 H,  saturation  current  Isat=  lxlO'12  A,  and  ideality 
factory  =1.5. 

We  used  the  10R16  line  of  carbon  dioxide  (C02)  to  pump  deuterated  methanol  (CD3CD).  The 
measured  output  power  at  850  GHz  was  (6±2)  mW.  With  this  power  the  diode  bias  point  at 
constant  bias  voltage  was  driven  from  10  pA  (with  no  input  power)  to  more  than  1 mA.  The 
output  signal  from  the  tripler  was  detected  with  the  Silicon  bolometer.  With  the  pre-amplifier  set 
to  200x,  the  output  voltage  was  50  to  60  mV.  This  corresponded  to  an  output  power  of  about. 
0.1  pW  at  2550  GHz.  The  tripler  was  also  measured  using  a deuterated  formic  acid  (DCOOD) 
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line  pumped  by  the  10R12  line  of  CO2  (110W).  The  FIR  laser  generated  (7±2.5)  mW  at 
787  GHz.  Our  best  estimate  of  the  tripler  efficiency  and  output  power  (available  input  to 
detected  output)  is  0.0003  % and  0.025  pW  at  2360  GHz  and  0.002  % and  0.1  pW  at  2550  GHz. 
Currently  only  two  single  diode  and  one  antiparallel-pair  diode  circuits  have  been  measured.  At 
this  point  only  the  single  diode  circuit  can  be  pumped  sufficiently  to  generate  measurable  output 
power  above  2 THz. 


DCOOD,  787GHz/7mW  -^CD3CD,  850GHz/6mW 


Fig.  8:  Measured  performance  (approximate  output  power  vs.  bias  current)  of  the  MOMED  tripler  at  2361  GHz 
and  2550  GHz  at  fixed  input  power.  Maximum  output  power  was  obtained  at  100  pA  and  0.7  V bias. 

We  also  investigated  the  video  responsivity  as  well  as  the  isolation  between  the  input  and  output 
horns.  The  output  waveguide  tuning  cavity  depth  was  optimized  in  this  way.  A cavity  depth  of 
20  pm  QJA)  was  optimal.  Fourth  and  second  harmonic  content  were  checked  by  measuring  the 
output  standing  waves  when  the  detector  was  moved  with  a micrometer  mount  along  the 
propagation  axis.  Harmonic  content  was  below  detectable  limits. 

SUMMARY 

The  first  measurements  of  a 2.7  THz  planar  diode  frequency  tripler  have  been  reported.  By 
pumping  with  a laser  source  at  850  GHz,  we  estimate  that  0.1  pW  was  detected  at  2550  GHz. 
Although  the  conversion  efficiency  is  very  poor  and  the  output  power  is  low,  the  circuit  and 
device  topology  are  robust  and  there  is  much  room  for  improvement.  Further  research  is  needed 
to  find  a more  accurate  way  to  measure  the  power  at  THz  frequencies.  The  device  structure  is 
identical  to  that  used  for  THz  mixing  and  it  has  been  qualified  for  flight  [1,17].  It  is  expected 
that  similar  circuit  realizations  could  be  used  for  multipliers  at  other  frequencies  in  the 
submillimeter  regime  in  order  to  produce  flight  qualified  all-solid-state  sources.  Additional 
measurements  are  in  progress,  over  a greater  frequency  range,  and  with  other  design  variations 
available  on  the  mask  set. 
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Abstract 

We  report  on  a novel  diode  geometry,  with  reduced  thermal  resistance,  for 
Heterostructure  Barrier  Varactor,  HBV,  diodes.  The  pillar  geometry  presented  here 
involves  the  complete  removal  of  the  substrate,  electrical  contact  is  made  by  the  forward 
and  reverse  side  processing  of  metallic  pillars. 

We  propose  that  there  is  a limit  to  the  maximum  number  of  barriers  that  can  be  used  to 
increase  the  power  capability  of  a HBV.  An  analytical  model  has  been  developed  to  study 
these  effects.  In  considering  the  case  of  a perfect  thermal  heat  sink  the  limit  is  found  to  be 
fourteen,  in  applying  this  model  to  the  new  pillar  structure  this  is  reduced  to  six. 

1)  Introduction 

The  Heterostructure  Barrier  Varactor,  HBV,  has  received  considerable  attention  since  its 
proposal  in  1989  by  Kollberg  and  Rydberg  [1].  The  HBV  is  a symmetric  varactor  which 
gives  rise  only  to  odd  harmonic  generation,  simplifying  the  circuit  geometry  for  higher 
harmonic  multiplication,  due  to  the  absence  of  idler  circuits.  For  this  reason,  together 
with  the  ability  to  epitaxially  stack  any  number  of  these  devices  and  increasing  the  power 
handling  capacity,  recent  results  are  comparable  with  the  best  reported  Schottky  based 
multipliers  [2-5], 

Present  interest  in  HBV  frequency  multipliers  is  focused  towards  changes  in  the  device 
geometry  and  increased  integration.  A variety  of  material  systems  are  used,  and 
theoretical  work  continues  with  the  goal  of  increasing  the  capacitance  modulation  whilst 
reducing  the  conduction  current.  However,  theoretical  and  experimental  results  continue 
to  show  the  domination  of  thermal  effects. 
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As  the  intrinsic  HBV  temperature  is  raised,  the  conduction  current,  which  results 
primarily  from  thermionic  emission  over  the  barriers,  increases.  This  increase  in 
conduction  current  reduces  the  capacitance  modulation.  Hence,  together  with  the  increase 
in  series  resistance,  the  overall  device  efficiency  is  reduced.  Moreover,  the  breakdown 
voltage  decreases  with  temperature,  reducing  the  power  handling  capacity  [6],  These 
effects  are  well  known  and  reflected  by  the  many  device  designs  in  which  the  thermal 
impedance  is  of  considerable  importance. 

In  this  paper  we  demonstrate  a new  pillar  diode  geometry  which  is  optimised  for  a 
reduction  in  the  thermal  resistance.  Our  results  suggest  a limit  to  the  number  of  barriers; 
this  limit  is  based  on  the  dominance  of  thermal  effects. 

2)  Pillar  Geometry 

2.1)  Device  Concept 

With  the  move  from  whisker  to  planar  devices,  the  twin  air-bridge  structure  has  become  a 
popular  fabrication  process  for  HBV  diodes.  Typically,  the  thermal  impedance  from  the 
edge  of  the  mesas,  contacted  via  air-bridge  technology  on  a flip-chip,  to  the  multiplier 
block  is  estimated  to  be  of  the  order  0.7  K/mW  [7],  The  thermal  conductivity  of  the 
substrate  and  the  length  of  the  bond  fingers  give  the  main  limitations  to  the  thermal 
resistance.  The  latter  of  these  must  also  be  optimised  with  respect  to  the  parasitic 
capacitance,  such  that  a decrease  in  their  length  reduces  the  thermal  resistance  at  the  cost 
of  increased  parasitic  capacitance. 


Copper  Pillar 


HBV  Diode 


Copper  Pillar 


Figure  1)  Schematic  diagram  of  pillar  HBV  structure. 
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The  new  pillar  geometry  presented  here  is  conceptually  very  simple.  The  semiconductor 
mesa  is  contacted  symmetrically  by  two  metallic  pillars,  and  all  other  substrate  material  is 
removed.  Figure  1 shows  a schematic  of  the  pillar  structure. 


This  structure  can  be  soldered  directly  into  a circuit  or,  as  is  planned,  soldered  into  a flip- 
chip  and  mounted  in  the  traditional  planar  manner.  A schematic  of  this  structure  is  shown 
in  figure  2.  The  estimated  thermal  contact  resistance  of  the  pillar  structure,  when  soldered 
into  an  adjoining  flip-chip,  is  0.2  K/mW. 


HBV  mesa 


a.) 


50pm 


150pm 


Contact  to 


Figure  2)  Top  (a.)  and  cross-sectional  (b.)  representation  of  flip-chip  mount  for  pillar 

HBV. 


One  of  the  significant  advantages  the  twin  air-bridge  structure  has  over  alternative 
approaches  is  the  fact  that  two  mesas  are  electrically  contacted  back-to-back. 
Asymmetries  within  the  epi-layers  are  effectively  cancelled;  however,  this  is  at  the  cost 
of  increased  series  and  spreading  resistance  formed  in  the  connecting  n+  region.  These 
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terms  together  represent  a significant  fraction  of  the  total  electrical  resistance.  This  new 
geometry  is,  therefore,  reliant  on  good  quality  material  with  symmetrical  material 
characteristics.  However,  the  resulting  electrical  and  thermal  resistances  me  significantly 
reduced,  together  with  the  parasitic  capacitance.  The  on-wafer  device  density  also 
approaches  the  maximum  possible  value;  the  most  significant  wastage  derives  from  edge- 
bead  effects  during  fabrication. 

2.2)  Device  Fabrication 

The  HBV  material  structure,  ITME  1817,  shown  in  Table  l,was  grown  by  MOVPE.  The 
device  fabrication  was  performed  using  standard  photolithography  techniques  and  alloyed 
ohmic  contacts.  The  mesa  was  initially  etched  by  chlorine  based  Reactive  Ion  Beam 
Etching,  RIBE,  followed  by  a short  wet  etch.  Thick  film  resist  was  used  to  define  the  top 
side  pillar  structure  which  was  copper  electroplated  to  the  top  level  of  the  resist.  An 
additional  sputtering  process  was  employed  before  electroplating  a sacrificial  copper 
substrate  to  ~50pm.  The  InP  wafer  substrate  was  subsequently  removed  by  wet  chemical 
etching.  Evaporating  the  contact  metalisation  and  repeating  the  pillar  electroplating 
process  was  the  final  stage  of  the  device  fabrication.  The  devices  were  separated  by 
carefully  etching  the  sacrificial  substrate.  A single  device  soldered  on  a gold-on-quartz 
filter  can  be  seen  in  figure  3. 


Table  1 

The  HBV  Material  Structure  (ITME  1817) 


Layer 

Material 

Doping  [cm '3] 

Thickness  [A] 

Contact 

InAs 

>5x1  O'8 

100 

Contact 

In.  sa^iGa^^oAs 

>5xl018 

6000 

Modulation  x 6 

in.53Ga.47As 

3xl016 

4000 

Spacer  x 6 

In.53Ga.47As 

undoped 

200 

Barrier  x 6 

Al.4gln.52  As 

undoped 

50 

Barrier  x 6 

AlAs 

undoped 

30 

Barrier  x 6 

Al.4gIn.52As 

undoped 

50 

Spacer  x 6 

In.53Ga.47As 

undoped 

3xl(r6 

200 

Modulation 

In.53Ga.47  As 

4000 

Contact 

Substrate 

In.53Ga.47As 

InP 

>5xl018 

3000 
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0 2 4 k v s t > i y n 5 


Figure  3)  Pillar  HBV  structure  soldered  on  a gold-on-quartz  filter. 

3)  Thermal  Estimations 
3.1)  Thermal  Models 

In  this  section,  we  propose  that  a limit  exists  for  the  maximum  number  of  effective 
barriers  for  the  HBV.  Based  on  first  order  approximations  and  steady-state  thermal 
analysis,  it  is  argued  that  additional  barriers  beyond  this  limit  act  predominately  as 
electrical  series  losses.  The  value  of  this  limit  is  also  shown  to  be  dependent  on  the 
external  thermal  contact  resistance. 

We  have  solved  the  one-dimensional  temperature  profile  analytically  in  a section  of 
GaAs  given  a point  source  and  a distributed  source  of  power  dissipation,  this  has  been 
combined  with  linear  and  nonlinear  models  for  the  thermal  conductivity  of  GaAs.  The 
nonlinear  thermal  conductivity  is  as  follows; 

K GaAs  = y.1.2  (1) 

where  the  constant.  A,  varies  with  doping.  For  GaAs  doped  at  ND=lxl017cm'3,  .4=48800 
[8],  which  we  have  used  here.  In  the  linear  model  we  assume  a fixed  temperature  of 
300K. 

The  temperature  differential  developed  over  a section  of  material  is  calculated  as  the 
product  of  the  thermal  power  flow  through  and  the  thermal  resistance  of  the  element.  The 
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Temperature  profile  in  a mesa 


Figure  4)  Comparison  of  thermal  models. 


thermal  resistance  of  a bulk  section  of  material  surrounded  by  air  can  be  solved  directly 
as 


^Thermal  rr  2 

Km 


(2) 


where  t is  the  thickness  of  the  section,  K is  the  material’s  thermal  conductivity  and  r is 
the  equivalent  radius  based  on  the  cross-sectional  area  of  the  section. 

Evaluation  of  the  above  formulae  reveal  four  distinct  trends,  which  are  plotted  in  figure  4 
for  typical  values  of  area,  number  of  barriers  and  input  power  for  a moderately  high 
powered  HBV.  It  is  also  assumed  that  one  edge  of  the  mesa  is  at  room  temperature  and 
that  the  total  heat  flow,  resulting  from  the  power  dissipation  in  the  active  region,  is  in  one 
direction  only,  towards  the  heat  sink.  Although  the  values  taken  are  appropriate  from  an 
electrical  prospective,  by  ignoring  the  contacting  geometry,  the  temperature  scale  is  in 
effect  arbitrary.  In  estimating  the  mesa  thickness,  L,  we  have  assumed  a typical 
modulation  layer  thickness,  I,  of  300nm  together  with  the  relationship 

L*l(N+ 1)  (3) 
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where  N is  the  number  of  barriers.  Hence,  assuming  the  contact  and  barrier  layers  to  be  of 
negligible  thickness.  The  power  dissipated  thermally  in  the  device  is  approximated  to  the 
input  power. 


The  model  involving  a distributed  power  source  with  nonlinear  thermal  conductivity  was 
considered  as  the  most  appropriate  for  the  analysis  which  follows.  Under  these 
assumptions,  the  temperature,  T(x),  at  point  x,  for  a mesa  of  length,  L,  and  equivalent 
cross-sectional  radius,  r,  is  given  by 


T(x)  = 


1 0.1(2 

U0'2  LAtu-2  J 


for 


0 <x<L 


(4) 


where  To  is  the  temperature  of  the  mesa  at  the  heat  sink.  Protai  is  the  total  power 
dissipated  in  the  active  region. 


3.2)  Operating  temperature  of  Pillar  HBV  diode 


Thermal  analysis  of  the  pillar  HBV  structure  is  simplified  by  the  symmetry  of  the  device. 
For  a given  dissipated  power  and  mesa  length  we  are  able  to  solve  for  half  the  power 
dissipated  by  half  the  length  of  the  mesa.  The  asymmetry  of  the  air-bridge  structure  and 
the  essentially  one  directional  heat  flow  of  the  whisker  structure,  do  not  allow  this 
simplification. 


The  temperature  in  centigrade  at  the  centre  of  an  N barrier  HBV  mesa  is  shown  in  figure 
5;  this  follows  from  the  solution  of  equation  4 for  a symmetrically  contacted  device.  In 
this  figure  the  contact  is  assumed  to  be  a perfect  heat  sink,  such  that  the  edges  of  the  mesa 
are  kept  at  300K.  Lines  of  constant  peak  temperature  are  given  as  a function  of  power 
density  per  barrier  and  the  number  of  barriers.  The  contour  lines  are  only  shown  within 
the  approximate  validity  of  the  nonlinear  model.  Taking  100°C  as  a reasonable  maximum 
acceptable  temperature  rise  in  a mesa  and  a power  density  per  barrier  of  0.5mW/pm2,  the 
limiting  number  of  barriers  can  be  estimated  at  fourteen.  In  assuming  a perfect  thermal 
contact,  this  analysis  implies  an  effective  maximum  in  the  number  of  barriers. 
Incorporating  the  additional  effect  (thermal  resistance)  of  a 20pm  copper  pillar,  of  the 
same  equivalent  radius  as  the  mesa,  reduces  the  maximum  number  of  barriers  to 
approximately  six.  This  is  shown  in  figure  6. 
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Figure  5)  Temperature  at  the  centre  of  a symmetrically  contacted  HBV  mesa.  The 
contacts  are  assumed  to  be  perfectly  conducting  and  at  300K. 


Temperature  at  centre  of  mesa,  with  20um  copper  pillar  in  series 


Figure  6)  Temperature  at  the  centre  of  a HBV  mesa.  The  mesa  is  assumed  to  be  contacted 
symmetrically  by  20pm  copper  pillars  to  a perfect  thermal  conductor  at  300K. 
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3.3)  Power  Handling 

The  analysis  above  is  generalised  in  the  form  of  power  density,  such  that  the  maximum 
power  dissipated  by  a symmetrically  contacted  HBV  is  linked  to  the  area.  For  high 
powered  applications,  increasing  the  device  area,  for  a given  number  of  barriers,  would 
allow  higher  dissipated  power.  However,  this  results  in  a decreased  operating  impedance 
which  can  present  matching  difficulties.  The  total  ohmic  contact  resistance  is  also 
reduced  with  larger  area  such  that  increasing  the  number  of  barriers  is  usually  preferable 
but  is  a trade-off  with  the  power  density  per  barrier. 

4)  Conclusions 

We  have  demonstrated  a novel  device  geometry  for  the  HBV  diode.  These  diodes  have 
been  fabricated  using  standard  fabrication  techniques,  they  are  also  robust  and  easy  to 
integrate  into  existing  circuits. 

A steady-state  thermal  model  of  the  HBV  has  demonstrated  that  a maximum  number  of 
barriers  exists  for  a HBV.  This  is  shown  to  be  fourteen  for  a device  contacted 
symmetrically  by  two  perfect  thermal  heat  sinks,  however,  this  reduces  to  six  for  the  new 
pillar  structure. 

The  thermal  approach  we  have  taken  here  is  by  no  means  conclusive.  No  account  has 
been  taken  for  the  output  circuit  delivering  power  at  the  various  harmonics,  nor  the 
thermal  generation  in  the  ohmic  contacts.  Together,  these  effects  represent  a significant 
fraction  of  the  input  power.  The  heat  generation  within  the  diode  is  also  a nonlinear  effect 
where  the  electrical  losses  are  strongly  dependent  upon  temperature.  A self-consistent 
approach  involving  thermal  conductivity  with  harmonic  balance  estimates  of  individual 
barrier  performance  is  required  to  investigate  these  effects  further.  However,  we  present 
here  clear  evidence,  based  upon  thermal  considerations,  which  indicates  a limit  to  the 
maximum  number  of  barriers  for  a HBV  diode.  Moreover,  this  limit  is  within  the  range 
typically  considered  for  device  fabrication,  and  therefore  is  an  important  aspect  in  overall 
device  optimisation. 

Acknowledgements 

The  authors  would  like  to  thank  W.  Strupinski  of  the  Institute  of  Electronic  Materials 
Technology,  Epitaxy  Department,  Warsaw,  Poland,  for  the  HBV  material  used  in  these 
studies. 


338 


12'h  International  Symposium  on  Space  Terahertz  Technology 


References 

[1]  E.  Kollberg  and  A.  Rydberg,  “Quantum-barrier-varactor  diodes  for  high- 
efficiency  millimetre-wave  multipliers,”  Electronics  Lett.,  vol.  25,  pp.  1696-1698,  1989. 

[2]  A.  Simon,  C.  Lin,  M.  Rodriguez-Girones,  H.  Hartnagel,  P.  Zimmermann,  R. 
Zimmermann  and  R.  Henneberger,  “High  efficiency  frequency  multipliers  using 
substrateless  Schottky  diodes,”  EEEE  Sixth  Lnt.  Conf.  On  Terahertz  Electronics,  pp.  72- 
73,  1998. 

[3]  J.  Bruston,  R.  P.  Smith,  S.  C.  Martin,  D.  Humphrey,  A.  Pease  and  P.  H.  Siegel, 
“Progress  towards  realization  of  MMIC  technology  at  submillimeter  wavelengths:  A 
frequency  multiplier  to  320  GHz.”  1998  IEEE  MTT-S  International,  pp.  399-402,  vol.  2, 
1998. 

[4]  J.  Thornton,  C.  M.  Mann  and  P.  de  Maagt,  “Optimization  of  a 250  GHz  Schottky 
triplier  using  novel  fabrication  and  design  techniques,”  IEEE  Trans.  Microwave  Theory 
Tech.,  vol.  46,  pp.  1055-1061,  1998. 

[5]  X.  Melique,  A.  Maestrini,  R.  Farre,  P.  Mounaix,  M.  Favreau,  O.  Vanbesien,  J. 
Goutoule,  F.  Mollot,  G.  Beaudin,  T.  Narhi  and  D.  Lippens,  “Fabrication  and  performance 
of  InP-based  heterostructure  barrier  varactors  in  a 250  GHz  waveguide  triplier,”  IEEE 
Trans.  Microwave  Theory  Tech.,  vol.  48,  no.  6,  2000. 

[6]  J.  Stake,  L.  Dillner,  S.  H.  Jones,  C.  Mann,  J.  Thornton,  J.  R.  Jones,  W.  L.  Bishop 
and  E.  Kollberg,  “Effects  of  self-heating  on  planar  heterostructure  barrier  varactor 
diodes,”  Trans.  Electron  Devices,  vol.  45,  pp.  2298-2303, 1998. 

[7]  J.  Stake,  C.  Mann,  L.  Dillner,  M.  Ingvarson,  S.  H.  Jones,  S.  Hollung,  M.  Henini, 
B.  Alderman,  J.  M.  Chamberlain  and  E.  L.  Kollberg,  “Improved  diode  geometry  for 
Heterostructure  Barrier  Varactors,”  Tenth  International  Symposium  on  Space  Terahertz 
Technology,  Charlottesville,  1999. 

[8]  Properties  of  Gallium  Arsenide,  2nd  Edition,  (INSPEC:  The  Institution  of 
Electrical  Engineers,  London,  United  Kingdom,  1 993),  pp.  46-49. 


339 


12th  International  Symposium  on  Space  Terahertz  Technology 


Temperature  Effects  in  Varactors  and  Multipliers 
J.  East  and  I.  Mehdi 
Solid  State  Electronics  Laboratory 
The  University  of  Michigan 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 

Abstract 


Varactor  diode  multipliers  are  a critical  part  of  many  THz  measurement  sys- 
tems. The  power  and  efficiencies  of  these  devices  limit  the  available  power 
for  THz  sources.  Varactor  operation  is  determined  by  the  physics  of  the 
varactor  device  and  a careful  doping  profile  design  is  needed  to  optimize  the 
performance.  Higher  doped  devices  are  limited  by  junction  breakdown  and 
lower  doped  structures  are  limited  by  current  saturation.  Higher  doped  struc- 
tures typically  have  higher  efficiencies  and  lower  doped  structures  typically 
have  higher  powers  at  the  same  operating  frequency  and  impedance  level. 
However,  the  device  material  properties  are  also  a function  of  the  operat- 
ing temperature.  Recent  experimental  evidence  has  shown  that  the  power 
output  of  a multiplier  can  be  improved  by  cooling  the  device.We  have  used 
a particle  Monte  Carlo  simulation  to  investigate  the  temperature  dependent 
velocity  vs.  electric  field  in  GaAs.  This  information  was  then  included  in  a 
nonlinear  device  circuit  simulator  to  predict  multiplier  performance  for  vari- 
ous temperatures  and  device  designs.  This  paper  will  describe  the  results  of 
this  analysis  of  temperature  dependent  multiplier  operation. 


I Introduction 


The  goal  of  this  paper  is  to  investigate  the  temperature  dependent  perfor- 
mance of  GaAs  based  Schottky  diode  frequency  multipliers.  The  performance 
of  these  multipliers  is  an  important  limitation  on  the  overall  performance  of 
submillimeter  and  THz  imaging  systems.  Recent  experimental  evident  in- 
dicates that  these  multipliers  can  have  improved  performance  with  cooling. 
This  paper  will  discuss  a simplified  device  model  to  investigate  this  temper- 
ature dependence.  The  next  section  of  the  paper  will  present  a temperature 
and  doping  dependent  transport  model  for  GaAs  obtained  from  a Monte 
Carlo  based  transport  model.  The  results  of  this  model  were  parameterized 
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to  provide  information  for  a device  model.  Section  III  describes  the  nonlin- 
ear device  circuit  model  used  to  include  velocity  saturation  effects  and  the 
conditions  used  in  the  multiplier  simulation.  Section  IV  presents  results  for 
doping,  temperature  and  frequency  dependent  multiplier  performance.  The 
paper  is  summarized  in  Section  V. 


II  Monte  Carlo  Modeling  of  GaAs  Transport 


The  transport  properties  of  GaAs  play  an  important  part  in  the  operation 
of  high  frequency  GaAs  Schottky  barrier  frequency  multipliers.  The  velocity 
characteristics  in  the  undepleted  region  of  the  diode  determine  the  saturation 
characteristics  and  thus  the  power  and  the  efficiency.  To  date,  most  varactor 
designs  have  been  based  on  room  temperature  heat  sink  operation.  However, 
recent  measurements  have  shown  that  cooling  improves  the  operation,  so  we 
need  a better  understanding  of  temperature  dependent  transport.  We  have 
used  a Monte  Carlo  simulation  of  GaAs  electron  velocities  vs.  electric  field, 
doping  and  temperature  to  quantify  the  transport.  The  simulation  is  a simple 
2 valley  parabolic  band  approximation  [1],  [2].  The  code  includes  most  of  the 
characteristics  of  a more  complex  approach,  yet  is  fast  enough  for  the  type 
of  parameter  extraction  needed  for  this  study.  The  simulation  was  run  for 
temperatures  between  150  and  450  K,  corresponding  to  a range  between  a 
cooled  heat  sink  and  typical  higher  temperature  operation.  The  data  was  fit 
to  a velocity  vs.  electric  field  curve  of  the  form  [3]. 


v(E)  = 


ME  + vsat(^)4 

l + (fe)4 


(1) 


where  |J,vsat  and  Ep  are  fitting  parameters  that  depend  on  the  temperature 
and  doping.  In  the  low  field  limit  v(E)  = |JE  and  at  high  fields  v(E)  = Vsat. 
Typical  results  are  shown  in  Fig.  1 for  a doping  of  1017/cm3.  The  peak 
velocities  based  on  Eqn.  1 can  then  be  collected  and  plotted.  A plot  of  the 
peak  velocity  vs.  temperature  and  doping  is  shown  in  Fig.  2.  The  peak 
velocities  and  the  mobilities  can  be  fit  to  equations  of  the  form 

VPeak(T)=Vpeak(300)(T/300)x.  (2) 
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Figure  1:  GaAs  temperature  and  field  dependent  velocities  Nd  — 1017/cm3 
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Figure  2:  GaAs  temperature  and  doping  dependent  peak  velocities 
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and 

M(T)  = M3oo(T/300)x.  (3) 

These  expressions  can  then  be  used  in  a nonlinear  multiplier  simulation  to 
investigate  temperature  dependent  operation.  We  also  need  to  model  the 
breakdown  voltage.  The  breakdown  voltage  will  depend  on  the  doping  pro- 
file and  the  temperature.  If  we  assume  an  abrupt  junction  and  neglect  the 
temperature  dependence,  the  breakdown  voltage  can  be  approximated  bv 

^breakdown(NC))  = 60(N(j/1016Cm  (4) 

This  expression  is  shown  in  Fig.  3.  We  can  use  this  material  information  to 
investigate  device  operation. 


Ill  Multiplier  Modeling 


The  next  step  is  to  simulate  multiplier  performance  for  a variety  of  operat- 
ing temperatures,  frequencies  and  powers  levels.  We  need  a device  model 
that  takes  velocity  saturation  effects  into  account.  These  effects  were  first 
described  by  Kollberg  et.al.  [4]  A simple  physical  model  for  this  effect  based 
on  separating  the  structure  into  an  abrupt  depletion  layer  and  an  undoped 
epitaxial  layer  with  transport  in  the  bulk  determined  by  a velocity  vs.  elec- 
tric field  curve  was  described  by  East  et.al.  [5]  This  model  has  been  used  in 
a nonlinear  circuit  simulator  to  investigate  devices  under  different  operating 
conditions. 

We  need  a way  to  compare  devices  for  a range  of  operating  conditions.  How- 
ever, the  multiplier  performance  will  strongly  depend  on  the  bias  point,  the 
frequency  and  the  embedding  impedances.  We  need  a consistent  compari- 
son. In  this  paper  we  fix  the  input  Q of  the  circuit.  This  in  effect  sets  the 
type  of  operation,  with  lower  Q devices  acting  more  like  nonlinear  resistors 
and  higher  Q devices  acting  more  like  nonlinear  capacitors.  With  a fixed 
source  impedance,  the  device  can  be  tuned  to  match  the  circuit,  rather  than 
the  more  conventional  approach  of  designing  a circuit  around  a given  diode. 
Adjusting  the  device  area  scales  the  impedance  level  and  adjusting  the  bias 
changes  the  ratio  of  the  input  real  and  reactive  impedance.  The  combina- 
tion inside  an  optimization  loop  can  adjust  the  nonlinear  input  impedance 
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to  match  the  source  impedance.  The  harmonic  load  will  also  effect  the  in- 
put impedance  and  efficiency  of  the  multiplier.  The  device  harmonic  output 
impedance  will  conjugate  match  the  harmonic  load.  We  need  to  search  the 
output  impedance  plane  to  find  the  embedding  impedance  that  produces  the 
highest  efficiency  for  a given  input  power.  This  search  becomes  the  inner 
loop  in  the  simulation.  The  outer  loop  is  the  available  local  oscillator  power. 
The  input  parameters  of  the  simulation  are  the  epitaxial  layer  doping  and 
length,  the  frequency,  the  device  breakdown  voltage,  the  peak  velocity,  the 
mobility  and  a local  oscillator  power  step.  The  simulation  loops  through  the 
code  increasing  the  available  power  until  the  maximum  voltage  across  the 
semiconductor  depletion  layer  becomes  larger  than  the  breakdown  voltage. 
The  outputs  of  the  simulation  are  the  pump  frequency  input  impedance  as 
a check  on  the  convergence  of  the  simulation,  the  output  power  and  effi- 
ciency, the  optimal  output  embedding  impedance,  the  device  area  and  bias 
and  useful  internal  parameters  such  as  the  peak  electric  field  in  the  bulk  and 
the  peak  depletion  layer  voltage.  The  simulation  can  use  the  temperature 
dependent  velocity  characteristics  described  in  the  last  section  to  investigate 
the  temperature  characteristics  of  multipliers. 


IV  Temperature,  Doping  and  Frequency  Dependent  Performance 


Before  we  investigate  temperature  dependent  multiplier  operation,  we  first 
consider  constant  temperature  characteristics.  The  first  example  is  a multi- 
plier operating  with  an  input  frequency  of  50  GHz  with  a peak  velocity  of 
1.6  x 107cm/sec  corresponding  to  an  operating  temperature  of  300  K and 
an  input  impedance  of  50  + jlOO.  Fig.  4 shows  the  efficiency  vs.  available 
input  power  and  Fig.  5 shows  the  output  power  for  a range  of  epitaxial  layer 
dopings.  These  two  figures  show  many  of  the  design  tradeoffs  in  multipliers. 
For  this  50  GHz  room  temperature  operation,  the  3 x 1016/cm2  device  is 
operating  in  velocity  saturation  . The  multiplier  efficiency  decreases  over  the 
entire  operating  range.  Increasing  the  doping  to  4 x 1016/cm2  reduces  the 
saturation  effects.  The  6 x 1016/cm2  device  is  showing  little  saturation  and 
is  operating  with  a nearly  constant  efficiency  over  it’s  entire  operating  range. 
The  corresponding  power  plot  shows  the  effect  of  the  breakdown  voltage  on 
the  power  output.  The  lower  doped  structure  have  a larger  breakdown  volt- 
age and  can  support  a larger  input  power  before  breakdown,  nearly  300  mW. 
However,  the  larger  input  power  doesn’t  produce  a larger  output  power  due 
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to  to  effiency  reduction  caused  by  velocity  saturation.  The  4 x 1016/cm2 
device  is  operating  near  the  onset  of  saturation.  It’s  efficiency  is  decreasing 
at  higher  drive  levels,  causing  the  output  power  to  nearly  saturate  at  higher 
drive  levels.  The  higher  doping  level  reduces  the  breakdown  voltage  and  the 
corresponding  input  power,  but  this  structure  produces  the  most  power  of 
the  3 cases  in  this  figure.  Finally,  the  6 x 1016/cm2  device,  with  the  best  effi- 
ciency of  the  group,  is  limited  by  it’s  smaller  breakdown  voltage  to  an  input 
power  of  100  mW.  It’s  peak  output  power  is  similar  to  the  lowest  doped  case. 
Further  increasing  the  doping  will  reduce  the  breakdown  voltage  and  allow 
the  device  to  operate  without  saturation  effects.  This  will  have  only  a small 
effect  on  the  efficiency  but  will  further  reduce  the  output  power  due  to  the 
reduced  breakdown  voltage  and  input  power. 

Next  lets  consider  the  effect  of  varying  the  temperature.  Consider  a mul- 
tiplier doped  at  3 x 1016/cm3operating  with  an  input  frequency  of  50  GHz 
and  a source  impedance  of  50-t-j  100.  The  operating  temperature  varies  be- 
tween 100  and  400  K with  a variation  in  the  saturated  velocity,  given  by 
Eqn.  2,  ranging  between  1.4  and  2.5  xlO7  cm/sec.  This  design  showed  strong 
saturation  effects  in  Figs.  4 and  5.  The  resulting  temperture  dependent 
efficiency  is  shown  in  Fig.  6.  This  device  shows  a strong  temperature  de- 
pendent performance.  At  300  and  400K  the  multiplier  is  strongly  saturated, 
with  efficiencies  that  are  monotonically  dropping  with  pump  power.  De- 
creasing the  temperature  from  300  to  200K,  with  a corresponding  increase 
in  the  saturated  velcoity  from  1.6  to  1.9  xl07cm/sec  improves  the  efficiency 
at  the  peak  pump  power  point  from  10  to  20%.  An  additional  decrease  in 
the  temperature  to  100K  increases  the  velocity  enough  to  eliminate  most  of 
the  saturation  effects.  The  efficiency  is  nearly  constant  with  pump  power. 
These  efficiency  variations  will  have  a strong  effect  on  the  available  power 
from  the  multiplier.  The  temperature  dependent  output  power  is  shown  in 
Fig.  7.  The  100K  device  can  produce  more  than  4 times  the  power  of  the 
room  temperature  structure. 

This  improvement  in  power  and  efficiency  at  lower  temperatures  occurs  be- 
cause the  higher  saturated  velocities  at  lower  temperatures  can  support  more 
current.  An  example  of  a structure  that  does  not  have  much  improvement  at 
reduced  temperatures  is  shown  in  Fig.  8.  This  is  the  optimal  room  tempera- 
ture device  from  Fig.  4.  This  device  has  a large  enough  doping  to  support  the 
cuurent  at  room  temperature.  Lowering  the  temperature  will  increase  the 
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Figure  3:  GaAs  Junction  Breakdown  Voltage  vs.  Doping 


Figure  4:  Doping  Dependent  Efficiency  for  F=50  GHz,  T=300,  Zjn=50-bjl00 
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Figure  5:  Doping  Dependent  Power  for  F=50  GHz,  T=300,  Zin=50+jl00 


Figure  6:  Temperature  Dependent  Efficiency  for  F— 50  GHz,Nd  = 3 x 
1016/cm3,  Zin=50+jl00 
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Figure  7:  Temperature  Dependent  Power  for  F=50  GHz,Nd  = 3 x 1016/cm3, 
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Figure  8:  Temperature  Dependent  Power  for  F=50  GHz,Nd  = 6x  1016/cm3. 
Zin=50-hjl00 
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saturated  velocity,  but  the  additional  velocity  is  not  utilized  by  the  device, 
so  there  is  only  a modest  improvement  in  the  efficiency  at  the  lower  tempera- 
ture. This  device  is  limited  by  it’s  breakdown  voltage,  and  the  higher  current 
available  at  lower  temperatures  gives  only  a small  performance  improvement. 

Similar  temperature  and  doping  dependent  calculations  were  carried  out  for 
input  frequencies  of  100  and  200  GHz.  The  resulting  power  vs.  frequency  at 
room  temperature  and  100  K is  plotted  in  Fig.  ??.  The  figure  shows  that  a 
properly  designed  low  temperature  device  can  produce  approximately  twice 
the  power  of  a room  temperature  one. 


V Summary 


This  paper  has  discussed  the  results  of  a frequency  dependent  investigation 
of  multiplier  performance.  The  results  show  that  the  temperature  dependent 
peak  velocity  plays  an  important  role  in  performance.  The  optimal  design 
depends  on  the  tradeoff  between  current  saturation  and  breakdown  and  the 
design  for  peak  power  can  be  different  than  the  peak  efficiency  design.  The 
power  and  efficiency  also  depend  on  the  temperature.  Reducing  the  tem- 
perature increases  the  peak  velocity  and  can  change  the  mode  of  operation. 
Devices  designed  for  room  temperature  operation  can  have  modest  improve- 
ment with  reduced  temperature.  A device  that  is  current  saturated  for  room 
temperature  operation  can  greatly  improve  it’s  performance  with  cooling. 
The  difference  in  output  power  for  a well  designed  room  temperature  device 
and  a corresponding  low  temperature  design  can  be  as  much  as  a factor  of  2. 
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Figure  9:  Summary  of  Frequency  Dependent  Power  vs.  Frequency  and  Tem- 
perature 


Part  of  the  research  described  in  this  paper  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  under  a contract  with  the  National  Aeronautics  and  Space  Administration. 
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Abstract 

We  designed  an  all-NbN  SIS  mixer  with  low-noise  and  wideband  operation  at  terahertz 
frequencies.  The  mixer  consists  of  a self-compensated  NbN/AlN/NbN  tunnel  junction  and  an 
epitaxially  grown  NbN/MgO/NbN  microstripline.  The  junction  as  a distributed  element  is  0.8 
|im  wide  and  2.4  |im  long,  and  its  current  density  is  50  kA/cm1 2.  The  microstripline  consists  of  a 
200-nm-thick  NbN  ground  plane,  a 1 80-nm-thick  MgO  insulator,  and  a 350-nm-thick  NbN 
wiring  layer.  The  frequency  dependence  of  the  receiver  noise  temperature  was  investigated  by 
using  an  optically  pumped  far-infrared  laser  and  backward-wave  oscillators  as  local  oscillators 
at  frequencies  from  760  to  980  GHz.  The  mixer  showed  flat  noise  characteristics  at  frequencies 
from  780  to  960  GHz,  as  predicted  in  our  design  process.  The  lowest  receiver  noise  temperature 
was  about  550  K at  909  GHz,  including  a 9-|im-thick  Mylar  beam  splitter  loss  and  other  optical 
losses.  Some  large  optical  losses  may  be  possible  in  the  quasi-optical  receiver  configuration 
based  on  the  standard  method  of  input-loss  estimation. 

1.  Introduction 

Terahertz  mixers  with  quantum  limited  noise  sensitivity  and  wideband  characteristics  are 
needed  in  radio-astronomy  projects,  such  as  the  Atacama  Large  Millimeter  Array  (ALMA),  the 
Far-Infrared  Space  Telescope  (FIRST),  and  so  on.  For  the  frequency  bands  above  the  gap 
frequency  of  Nb  (about  700  GHz),  for  example,  the  ALMA  specifies  SSB  noise  temperatures  of 
about  450  K for  the  band  10  (787-950  GHz,  the  relative  bandwidth  is  18.8%),  and  the  FIRST 
needs  low-noise  SIS  mixers  for  much  higher  frequency  bands  of  up  to  1.25  THz.  Recently,  SIS 
mixers  consisting  of  conventional  Nb/AlOx/Nb  and  Nb/AlN/NbTiN  tunnel  junctions  and 
NbTiN-based  tuning  circuits  have  been  developed  and  tested  to  enable  low-noise  operation  at 
terahertz  frequencies  [1,2].  However,  these  mixers  had  low-noise  operation  with  DSB  noise 
temperatures  of  205  K at  798  GHz  and  565  K at  970  GHz,  their  RF  bandwidths  were  narrow  due 
to  the  use  of  low-current  density  junctions  (=10  kA/cm2).  It  was  also  found  that  heat  trapping  at 
the  Nb/NbTiN  interface  degraded  the  junction  properties,  increasing  the  subgap  leakage  current 
and  suppressing  the  gap  voltage,  which  would  degrade  the  noise  performance  [3]. 

We  are  currently  developing  SIS  mixers  based  on  NbN  that  have  a high  gap  frequency  of  up 
to  1 .4  THz.  In  principle,  all-NbN  SIS  mixers  should  perform  well  below  the  gap  frequency,  just 
like  all-Nb  SIS  mixers  do.  To  develop  wideband  and  low-noise  mixers  by  designing  all-NbN 
SIS  mixers  that  can  operate  at  terahertz  frequencies,  very  high-current-density  SIS  junctions  and 
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high-quality  NbN  films  are  needed  to  reduce  the  coCjRh  products  and  enable  extremely  low-loss 
transmission  lines.  For  example,  to  cover  the  ALMA  band  10  for  below  -10-dB  matching,  the 
maximum  allowable  value  for  coCjR ^ products  should  be  about  7 [4].  Assuming  that  the 
junction  specific  capacitance  is  120  fF/pm2,  the  required  current  density  of  the  NbN  tunnel 
junction  should  be  about  40  kA/cm2.  Usually,  the  polycrystalline  structure  of  NbN  films  is  a 
problem  because  this  structure  has  a large  surface  resistance  on  conventional  insulators,  such  as 
SiO.  This  results  in  a large  RF  loss,  which  greatly  degrades  the  mixer  noise  performance  [5]. 

Another  problem  is  that  the  relatively  long  penetration  depth  of  NbN  (even  if  NbN  is  a single 
crystal  of,  let’s  say  200  nm)  makes  the  circuit  design  difficult  because  the  large  slow- wave 
factor  shortens  the  circuits  at  terahertz  frequencies.  It  was  found  that  a conventional  integrated 
tuning  circuit  did  not  work  as  effectively  as  it  was  designed  to  work  because  the  spreading 
inductances  introduced  by  the  embedding  of  small  junctions  in  the  wide  microstrip  lengthened 
the  tuning  section  [6].  As  a result,  there  have  been  few  reports  of  all-NbN  SIS  mixers  with 
wideband  and  low-noise  operation  at  teraherz  frequencies. 

Earlier,  we  developed  NbN/AlN/NbN  tunnel  junctions  epitaxially  grown  on  MgO  substrates 
that  have  current  densities  as  high  as  127  kA/cm2 *  [7].  These  tunnel  junctions  showed  excellent 
noise  performance  at  submillimeter- wave  frequencies  [8,  9].  Recently,  we  also  developed 
NbN/MgO/NbN  microstriplines  epitaxially  grown  on  a single-crystal  MgO  substrate  that  can  be 
used  in  extremely  low-loss  tuning  circuits  [10].  In  this  report,  we  describe  the  design, 
fabrication,  and  testing  of  a quasi-optical  SIS  mixer  with  this  NbN/MgO/NbN  microstripline 
and  a self-compensated  NbN/AlN/NbN  tunnel  junction.  This  mixer  dose  not  have  a 
conventional  tuning  structure  consisting  of  a microstrip  inductor  and  a SIS  junction  as  a lumped 
element  [11]. 

2.  Mixer  Design 

Our  mixer  uses  an  MgO  hyperhemispherical  lens,  3 mm  in  radius,  with  an  antireflection  (AR) 

cap.  The  AR  cap  is  thermoformed  Kapton  JP  polyimide  film  with  a thickness  of  50  pm,  which 
corresponds  to  the  thickness  of  a quarter-wavelength  at  around  800  GHz  [5],  An  optical 

micrograph  of  our  mixer  chip  is  shown  in  Fig.  1 . A rectangular  NbN/AlN/NbN  junction  and  an 
NbN  wiring  on  an  MgO  insulator  were  integrated  with  an  NbN  log-periodic  antenna  on  a 
0.3-mm-thick  single-crystal  MgO  substrate.  Because  the  NbN/MgO/NbN  microstripline  and  the 
high-current-density  NbN/AlN/NbN  tunnel  junction  were  grown  epitaxially  [12],  we  assumed 
in  the  mixer  design  process  that  the  upper  and  lower  NbN  films  had  the  same  gap  frequency  of 
1.27  THz  and  a normal  state  conductivity  of  1.5  x 106  Q~lvn\  These  values  were  obtained  from 
our  measurements. 

We  designed  the  tuning  circuit  so  that  it  had  a center  frequency  of  1 THz.  In  this  frequency 
region,  NbN-based  pm-sized  SIS  junctions  must  be  considered  as  distributed  elements,  not 
lumped  elements,  because  the  slow- wave  factor  in  these  junctions  is  much  larger  than  that  in  Nb 
junctions  [11,  13].  This  means  that  an  NbN  junction  must  be  treated  as  a microstrip 
transmission  line  with  a quasi-particle  tunneling  loss.  It  is  well  known  that  an  imaginary  part  of 
the  impedance  in  transmission  lines  becomes  zero  at  a length  of  n x A/4,  where  n is  an  integer. 
For  distributed  SIS  junctions,  this  means  that  the  junction  capacitance  is  tuned  out,  and  the  input 
impedance  becomes  the  only  real  component.  The  impedance  must  be  the  largest  at  the  A/2 
length  for  an  open-ended  junction.  We  calculated  the  size  of  the  junction,  including  the 
NbN/MgO/NbN  microstrip  overhanging  layer,  as  shown  in  Fig.  2.  For  the  calculations,  the 
distributed  series  impedance  per  unit  length,  Z,  and  the  distributed  shunt  admittance  per  unit 
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length,  Y,  must  be  known.  For  a given  distributed-SIS-junction  geometry,  Z and  Y are  defined  as 

W jy  _ \y 

Y=-^L  + jCQCsWJ+jcaer£0  s J , (2) 

Krf  « 

where  Zsu  and  Zsi  are,  respectively,  the  surface  impedance  of  the  upper  and  lower  electrodes 
calculated  from  the  Mattis-Bardeen  theory  of  the  anomalous  skin  effect  [11],  Wj  and  Ws  are  the 
widths  of  the  NbN/AlN/NbN  junction  and  the  NbN/MgO/NbN  microstripline,  respectively,  and 
Rrf  represents  the  specific  resistance  of  the  quasi-particle  loss  due  to  the  tunneling  current 
through  the  insulator.  The  specific  junction  capacitance  in  pF/pm2,  Cs,  was  calculated  based  on 
the  following  equation  obtained  from  the  measurements  of  our  high-current-density 
NbN/AlN/NbN  tunnel  junction: 

log Cs  =0.161og  Jc  -1.15  , (3) 

where  Jc  is  the  current  density  in  kA/cm2.  The  tunneling  barrier  thickness,  s , was  assumed  to  be 
1 nm  based  on  the  observation  of  the  high-current-density  junction  by  using  a transmission 
electron  microscope  (TEM)  [12].  We  used  the  relative  dielectric  constant,  of  9.6  for  MgO, 
and  the  thickness  was  expressed  as  d . 

The  input  impedance  of  this  lossy  transmission  line  was  calculated  using  the  parameters 
described  in  Table  L We  decided  that  the  width  of  the  junction  should  be  small  to  prevent 
transverse  mode  propagation.  Figure  2 shows  the  real  and  imaginary  parts  of  the  input 
impedance.  It  can  be  seen  that  the  junction  capacitance  is  self-compensated  at  around  1 THz,  i.e., 
the  imaginary  part  becomes  zero,  while  the  real  part  becomes  the  maximum  value  of  about  1 1 Q. 
This  relatively  large  resistance  can  be  easily  matched  to  the  source  impedance  of  the 
log-periodic  antenna  on  the  MgO  lens  (about  80  £i)  by  using  a A/4  impedance  transformer.  The 
13.5-pm  length  of  the  NbN/MgO/NbN  microstripline  enables  good  matching  of  below  -10  dB 
at  frequencies  ranging  from  900  to  1080  GHz,  as  shown  in  Fig.  3.  Theoretically,  a relative 
bandwidth  of  18%  can  be  achieved  at  terahertz  frequencies. 

3.  Results  and  Discussion 

A.  Fabrication  and I-V Measurements 

The  mixer  chips  were  prepared  by  the  fabrication  process  described  in  [14].  First, 
NbN/AlN/NbN  trilayers  were  deposited  in  situ  on  an  ambient-temperature  MgO  substrate  by 
rf-magnetron  sputtering  in  a load-locked  sputtering  system.  One  side  of  the  antennas  was 
formed  by  conventional  photolithography  and  reactive  ion  etching  (RIE).  Then,  rectangular 
junctions  were  defined  using  photolithography  and  RIE.  After  the  MgO  films  were  deposited  by 
rf-  and  dc-magnetron  sputtering  to  electrically  insulate  the  base  electrodes  and  the 
contact- wiring  layer  [10],  an  NbN  film  was  deposited  and  patterned  on  the  other  side  of  the 
antennas  and  the  contact-wiring  layer  to  form  a tuning  circuit  and  to  make  contact  with  the 
junction.  The  actual  thicknesses  of  the  lower  NbN,  the  lower  MgO,  and  upper  NbN  were  200, 
180,  and  350  nm,  respectively.  The  measured  width  was  about  1.4  pm.  The  Josephson  critical 
current  of  the  junction  was  950  pA  at  4.2  K,  and  the  junction  was  0.8  pm  wide  and  2.4  pm  long. 
This  resulted  in  a current  density  of  about  50  kA/cm2.  In  the  liquid  helium  measurement,  we 
observed  a slightly  lower  gap  voltage  of  about  5 mV  with  backbending  characteristics  because 
of  the  large  current  through  the  junction.  The  normal  state  resistance  was  about  4 £1 
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To  roughly  define  the  tuning  frequency,  we  also  observed  resonance-induced  Josephson  steps, 
as  shown  in  Fig.  4.  A dc  current  step  could  be  seen  at  a voltage  of  about  1.9  mV,  which 
corresponds  to  920  GHz  according  to  the  Josephson  frequency  relationship,//  = 2eVo/h . This 
result  indicates  that  the  tuning  frequency  was  slightly  lower  than  the  design  frequency  of  1 THz, 
because  the  fabricated  junction  was  a little  bit  longer  and  the  overhanging  layer  was  a little  bit 
narrower  than  the  design  junction  and  layer. 

We  analyzed  the  properties  of  the  tuning  circuit  at  terahertz  frequencies  by  monitoring  the 
dynamic  resistance  of  the  photon-assisted  tunneling  (PAT)  steps  induced  on  the  I-V  curves  by  a 
backward-wave  oscillator  (BWO).  Figure  5 shows  the  pumped  I-V  curves  at  the  RF  irradiation 
of  900,  990,  and  1030  GHz.  As  can  be  seen,  there  were  changes  in  the  dynamic  resistance  of  the 
I-V  curves  at  the  PAT  steps  indicating  that  the  capacitance  of  the  junction  was  tuned  out  toward 
the  lower  frequency  of  900  GHz. 

B . Noise  Measurements 

The  heterodyne  receiver  noise  measurements  were  cunducted  using  the  standard  F-factor 
method  for  room-temperature  (295  K)  and  liquid-nitrogen-cooled  (77  K)  loads  used  as  signals. 
The  receiver  set-up  was  basically  the  same  as  the  one  described  in  [5],  except  that  an  isolator 
was  used  instead  of  the  1 80-degree  hybrid  coupler.  Local-oscillator  (LO)  power  was  introduced 
into  the  signal  path  through  9-|±m  and  16-|im-thick  Mylar  beam  splitters.  The  signal  and  LO 
entered  the  dewar  through  a 0.5-mm-thick  Teflon  vacuum  window,  and  the  Zitex  infrared  filters 
cooled  to  77  and  4.2  K.  No  corrections  were  made  for  the  losses  in  front  of  the  receiver. 

Figure  6 shows  the  I-  V characteristics  of  the  receiver  at  909  GHz  with  and  without  the  LO 
power.  The  LO  source  was  the  BWO,  and  the  9-(im-thick  Mylar  beam  splitter  was  used.  As  can 
be  seen  there  was  a suppression  of  the  gap  voltage  in  the  pumped  I-V  curve.  In  addition,  the 
width  of  the  voltage  measured  at  the  PAT  step,  which  was  3.25  mV,  was  narrower  than  the 
estimated  width  of  3.76  mV.  These  results  show  that  the  SIS  junction  suffered  from  the  heating 
effects  of  the  applied  DC  and  RF  power,  because  NbN  has  a low  thermal  conductivity.  This 
local  overheating  increased  the  sub-gap  leakage  current  of  the  junction  and  the  loss  in  the  NbN 
electrodes,  which  would  degrade  the  noise  performance.  To  reduce  this  heating  effect,  a normal 
metal,  such  as  Al,  should  be  deposited  on  the  top  electrode  [15].  Figure  6 also  shows  the 
receiver  IF  output  in  response  to  the  hot  and  cold  loads  as  a function  of  the  bias  voltage.  At 
voltages  above  the  half-gap  voltage  of  about  2.7  mV,  the  maximum  F-factor  was  about  1.25, 
which  corresponded  to  the  double-sideband  (DSB)  receiver  noise  temperature  of  800  K.  Below 
the  half-gap  voltage,  the  F-factor  was  1.35  (550  K)  at  2.2  mV.  However,  the  IF  outputs  around 
the  first-Shapiro-step  voltage  of  1.88  mV  were  not  stable  because  of  the  high  dynamic 
resistance  of  the  pumped  I-V  curve,  as  mentioned  above.  To  obtain  a better  performance,  a 
stronger  magnetic  field  should  be  applied  to  the  junction  to  suppress  unwanted  noise  resulting 
from  the  Josephson  effect. 

The  frequency  dependence  of  the  receiver  noise  temperature  was  investigated  at  frequencies 
ranging  from  760  to  980  GHz.  We  used  two  BWOs  for  the  800-980  GHz  measurements  and  an 
optically  pumped  CH2F2  far-infrared  laser  for  the  760-  and  783-GHz  measurements.  Figure  7 
shows  the  receiver  noise  temperature  as  a function  of  the  LO  frequency.  The  1 6-|im-thick  Mylar 
beam  splitter  was  used  at  all  the  measured  frequencies,  and  a bias  voltage  was  applied  to  the 
junction  above  the  half  gap  to  obtain  stable  operation.  Wideband  and  flat-noise  characteristics 
were  observed  at  frequencies  ranging  from  780  to  960  GHz.  Although  the  measured  center 
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frequency  of  about  870  GHz  was  lower  than  the  design  frequency,  the  characteristics  of  the 
tuning  bandwidth  were  almost  consistent  with  the  design  ones,  which  means  that  the  NbN  films 
fabricated  for  the  tuning  circuits  had  no  significant  losses  at  terahertz  frequencies.  The  fact  that 
the  center  frequency  was  slightly  lower  than  the  observed  resonance  frequency  of  920  GHz  may 
be  attributed  to  the  increase  in  the  effective  penetration  depth  of  the  NbN  due  to  the  increase  in 
the  effective  temperature  in  the  NbN  films  by  the  DC  and  LO  power. 

At  the  higher  and  lower  ends  of  the  tuning  frequencies,  we  could  apply  a bias  voltage  below 
the  half-gap  easier  because  the  dynamic  resistance  of  the  pumped  I-V  curve  became  slightly 
smaller  than  that  around  the  center  frequency.  Figure  8 shows  the  heterodyne  response  at  809 
GHz  when  the  16-pm  thick  Mylar  beam  splitter  was  used.  The  maximum  7-factors  below  and 
above  the  half-gap  voltage  were,  respectively,  1.33  (584  K)  and  1.22  (914  K),  including  the 
Mylar-beam-splitter  loss  and  other  optical  losses.  Using  the  intersecting  lines  technique  [16,  17], 
we  estimated  the  input  loss  around  this  frequency  from  the  IF  responses  biased  below  the 
half-gap  voltage.  A large  input-noise  contribution  of  about  350  K was  derived  that  included  the 
loss  from  the  16-pm-thick  Mylar  beam  splitter.  The  most  likely  reasons  for  the  high  input  noise 
are  the  following. 

1 ) In  the  fabricated  log-periodic  antenna  structure,  at  terahertz  frequencies,  the  size  of  the 
teeth  in  the  active  region  on  the  base  (ground)  side  of  the  antenna  was  approximately  1 5% 
smaller  than  that  on  the  other  (wiring)  side,  due  to  shrinking  by  overetching.  This 
unsymmetrical  antenna  structure  results  in  an  impedance  mismatch  and  a poor  beam 
pattern. 

2)  The  loss  of  the  thick  MgO  lens  reduces  the  coupling  efficiency  at  terahertz  frequencies. 
Using  a high-efficiency  input-coupling  configuration,  such  as  a waveguide  structure,  can 
improve  the  performance.  We  believe  that  all  of  the  improvements  described  here  can  reduce 
the  noise  temperatures.  We  also  believe  that  self-compensated  NbN/AlN/NbN  junctions  and 
NbN/MgO/NbN  microstriplines  are  more  capable  of  low-noise  and  wideband  operation  at 
terahertz  frequencies  of  up  to  1.4  THz  than  conventional  mixers  that  use  lumped  elements. 

4.  Conclusion 

We  designed,  fabricated  and  tested  at  terahertz  frequencies  an  all-NbN  SIS  mixer  that  has  no 
conventional  timing  structure.  We  demonstrated  that  tuning  circuit,  which  consisted  of  a 
self-compensated  NbN/AlN/NbN  tunnel  junction  and  an  NbN/MgO/NbN  microstripline,  had 
effective  low-noise  and  wideband  operation  in  the  terahertz  band.  The  mixer  had  a simple 
structure  and  was  fabricated  by  using  conventional  photolithography.  Our  fabricated  NbN 
device  remained  stable  throughout  more  than  ten  repetitions  of  the  thermal  cycle.  We  believe 
that  the  all-NbN  SIS  mixers  with  these  excellent  characteristics  can  be  effectively  used  in 
projects,  such  as  the  ALMA,  FIRST,  and  so  on. 
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Table.  1 Parameters  used  in  the  design. 


NbN  upper  electrode  thickness: 

200  nm 

NbN  lower  electrode  thickness: 

200  nm 

MgO  insulator  thickness,  d : 

200  nm 

NbN/AlN/NbN  junction  width,  Wj. 

0.7  nm 

length: 

2.25  |im 

current  density,  Jq. 

40  kA/cm2 

JcR nA  products 

350  kV|im2/cm2 

NbN/MgO/NbN  microstripline  width,  Ws'. 

1.7  |xm 

Fig.  1 . Optical  micrograph  of  the  mixer.  A rectangular  NbN/AlN/NbN  tunnel  junction,  as  a distributed  element,  and 
a A/4  NbN/MgO/NbN  microstrip-impedance  transformer  were  integrated  with  a self-complementary  NbN 
log-periodic  antenna. 
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F requency  (GHz) 

Fig.  2.  Input  impedance  of  the  self-compensated  junction  tuning  circuit.  The  junction  capacitance  was  tuned  out  at 
the  XI2 -wavelength  frequency  of  1 THz 


F requenc.y  (6  H z) 

Fig.  3.  Return-loss  characteristics  from  the  antenna  to  the  tuning  circuit.  Impedance  chart  was  normalized  to  the 
antenna  source  impedance  of  80  ft. 
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Fig.  4 Observed  resonance-induced  Josephson  steps  in  the  /-F  curve.  The  horizontal  scale  is  1 mV  per  division,  and 
the  vertical  scale  is  0. 1 mA  per  division. 


Fig.  5 Pumped  I-V  curves  at  the  RF  irradiation  of  900,  990,  1030  GHz.  Note  that  the  changes  in  the  dynamic 
resistance  of  the  I-V  curve  at  the  PAT  steps  are  visible. 
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Fig.  6.  Heterodyne  response  of  the  receiver  at  909  GHz.  Shown  are  the  I-V  characteristics  for  the  self-compensated 
NbN/AlN/NbN  tunnel  junctions  with  and  without  the  LO  power.  Also  shown  is  the  IF  power  as  a function  of  the 
bias  voltage  for  hot  (295  K)  and  cold  (77  K)  loads. 


LO  Frequency  (GHz) 


Fig.  7.  DSB-receiver  noise  temperatures  as  a function  of  the  LO  frequency. 
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Fig.  8.  Heterodyne  response  of  the  receiver  at  809  GHz.  Shown  are  the  I-V  characteristics  for  the  self-compensated 
NbN/AlN/NbN  tunnel  junctions  with  and  without  the  LO  power.  Also  shown  is  the  IF  power  as  a function  of  the 
bias  voltage  for  hot  (295  K)  and  cold  (77  K)  loads. 
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Abstract 

A quasi-optical  mixer  employing  a Nb/Al/A10x/Nb  twin-SIS  junction  with  a 
NbTiN/Si02/Al  microstrip  coupling  circuit  is  tested  at  800-1000  GHz.  The  mixer  design 
is  developed  as  an  option  for  HIFI  frequency  bands  3 and  4.  The  double-dipole  antenna 
is  made  from  NbTiN/Al;  a Nb  film  is  used  for  the  back  reflector.  The  mixer  design  is 
optimized  for  the  IF  band  of  4-8  GHz.  The  receiver  noise  temperature  Trx  = 250  K 
(DSB)  is  measured  at  935  GHz  for  the  bath  temperature  2 K at  IF=1 .5  GHz;  Trx  remains 
below  350  K within  the  frequency  range  850-1000  GHz.  The  double-dipole  antenna 
beam  pattern  demonstrated  good  symmetry  with  sidelobes  below  -16  dB. 

Introduction 

Low-noise  THz-band  heterodyne  receivers  are  needed  to  realize  the  full  potential  of 
airborne  and  space-based  telescopes  currently  being  developed  for  sub-millimeter 
spectral  astronomy,  e.  g.  for  HIFI  [1],  To  consider  the  possibility  of  designing  an 
effective  SIS  mixer  at  1 THz,  it  is  worth  to  have  a brief  look  at  the  most  critical 
parameters  of  SIS  mixers. 

The  Nb/Al/A10x/Nb  SIS  mixers  are  known  as  the  quantum  (photon)  noise  limited 
heterodyne  down-converters  [2],  which  are  tested  within  frequency  range  30-1500  GHz 
and  shown  to  yield  receiver  noise  temperatures  as  low  as  (2-3)*hf7ke  below  680  GHz,  the 
gap  frequency  of  Nb  [3],  [4],  Theoretically,  the  frequency  range  of  all-Nb  SIS  mixers  as 
quantum  limited  detectors  can  be  extended  up  to  twice  the  gap  frequency,  i.  e.  up  to 
about  1300  GHz  [5].  However,  a single  junction  SIS  mixer  can  not  cover  the  entire  band 
because  of  its  high  specific  capacitance,  C,  yielding  the  Q-factor  of  the  circuit  of  order  of 
10  at  1 THz.  The  high  Q-factor  leads  to  at  least  two  distinctive  problems:  a relatively 
narrow  instantaneous  bandwidth  and  increased  influence  of  loss.  The  real  part  of  the  high 
frequency  impedance  of  a superconducting  film  [6]  is  responsible  for  losses,  which  are 
growing  as  the  square  of  the  rf  current  density  in  the  tuning  circuit,  i.  e.  proportional  to 
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Q2.  The  Q-factor  can,  theoretically,  be  reduced  with  increasing  the  junction  current 
density,  Jc.  However,  it  is  hard  to  do  practically  due  to  degradation  of  the  IV-curve  at 
Jc  > 10-15  kA  [7],  There  is,  however,  a possibility  to  reduce  the  //losses  employing 
smaller  (sub-micron  area)  junctions.  Nevertheless,  it  is  clear  that  quantum-limited  SIS 
mixers  are  hard  to  realize  for  a frequency  range  where  losses  in  the  tuning  circuit  are 
essential.  Unfortunately,  the  rf  circuits  from  Nb  become  lossy  above  680  GHz  that  is 
twice  lower  than  the  possible  operational  range  of  a Nb-based  SIS  junction.  That  is  why, 
along  with  the  efforts  on  high  current  density  and  sub-micron  patterning  of  SIS  junctions, 
the  development  of  low-loss  tuning  circuits,  in  both  electrodynamics  and  materials  [8]- 

[12] ,  is  of  great  importance  for  realization  of  a THz-band  quantum-limited  SIS  mixer. 

The  capacitance  of  the  rf  timing  circuit  can  contribute  to  the  problem  of  matching  the  IF 
port  of  the  mixer  to  a standard  50  ft  output  transmission  line  due  to  high  dynamic 
resistance  of  the  SIS  junction  (up  to  about  1 k£2).  To  reduce  this  effect,  which  is  more 
pronounced  at  higher  IF  and  can  also  lead  to  a high  Q-value,  the  capacitance  of  all  tuning 
and  coupling  circuits  has  to  be  minimized  along  with  use  of  a special  IF  matching  circuit. 

Two  main  solutions  are  available  for  a rf  feed  of  a SIS  mixer:  the  waveguide  and  the 
open  structure.  All  problems  mentioned  above  are  common  for  both  types  of  mixers. 
However,  a few  specific  problems  exist  in  production  of  precision  mechanical 
components  for  waveguides:  corrugated  horn  antenna,  waveguide  channel,  backshort 
structure,  chip  channel,  etc.  Another  critical  steps  in  production  of  a waveguide  mixer  are 
precise  dicing  and  polishing  of  the  SIS  chips  along  with  their  alignment  in  the  mixer 
block.  In  contrast,  the  quasioptical  mixers  can  be  fabricated  on  relatively  large  and  easy- 
to-handle  substrates,  which  are  a part  of  the  optical  system  and  dependent  mostly  on 
accuracy  of  the  photolithography.  However,  the  antenna  beam  pattern  of  a lens-antenna 
is  dependent  on  quality  of  the  microwave  lens  and  the  alignment  accuracy  of  the  chip 

[13] ,  [14],  The  theoretical  level  of  the  first  order  sidelobes  is  about  -18  dB  for  most 
known  integrated  lens-antennas  that  is  higher  than  for  the  corrugated  hom  antennas  used 
for  waveguide  SIS  mixers. 

The  double-slot  and  the  double-dipole  are  two  types  of  antennas  widely  used  in  SIS 
mixers  [10],  [ 1 5]-[  1 8].  Both  antennas  have,  theoretically,  similar  parameters  of  the  beam 
if  used  as  an  integrated  lens-antenna;  they  have  also  similar  values  of  the  feed-point 
impedance.  In  spite  a bare  slot-antenna  operated  near  its  second  resonance  has  a bit 
higher  sidelobes  in  the  H-plane  (5%  or  -13  dB)  [17],  the  beam  of  the  lens-antenna  can  be 
somewhat  corrected  by  the  microwave  lens  [13],  [14],  The  double-dipole  antenna  is  used 
successfully  for  the  integrated  receiver  [16].  The  advantage  of  a slot-antenna  is  the 
shielding  ground  plane,  which  allows  placing  relatively  complex  circuits  very  close  to 
the  antenna.  Unlike  the  dipole  antenna,  it  is  not  possible  however  to  return  the  backlobe 
using  a reflector  for  the  slot  antenna.  The  double-dipole  antenna  usually  has  no 
capacitive  coupling  elements,  so  the  total  capacitance  of  the  structure  can  be  minimized 
that  is  important  at  high  IF. 

The  challenge  of  the  project  was  to  demonstrate  a quasioptical  double-dipole  antenna  SIS 
mixer  complying  with  HIFI  requirements  for  the  bands  3 and  4 [1]. 
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General  Approach 

We  have  chosen  the  twin-junction  SIS  mixer  with  the  anti-phase  feed  circuit  [10] 
integrated  with  the  double-dipole  antenna,  as  shown  in  Figure  1;  the  numerical  and 
experimental  studies  [10],  [18]  have  demonstrated  wider  instantaneous  bandwidth  along 
with  lower  loss  in  comparison  with  the  end-loaded  tuning  structure.  The  lower  loss  can 
be  attributed  to  the  lower  rf  current  density  at  the  input  of  the  impedance  transformer, 
that  is  a specific  feature  of  the  twin-SIS  junction.  In  spite  the  all-NbTiN  microstrip  can, 
at  least  potentially,  be  a low-loss  at  1 THz,  the  NbTiN/SiCVAl  tuning  circuit  has  been 
chosen  for  two  reasons:  (1)  it  minimizes  effects  of  heat-trapping  observed  previously  in 
Nb-based  SIS  junctions  integrated  with  an  all-NbTiN  tuning  circuit  [19];  (2)  the  poor 
nucleation  of  NbTiN  on  top  of  the  SiC>2  layer  may  reduce  the  effective  gap  frequency  of  a 
wiring  layer  [20].  Two  identical  mixers  are  placed  at  the  distance  of  500  pm  in  the  center 
of  a high-resistivity  silicon  chip  of  size  2 mm  x 2 mm  x 300  pm.  These  dimensions  allow 
to  accept  a non-truncated  120-degree  beam  of  a printed  antenna.  The  second  device  can 
be  used  as  a replacement.  The  diameter  of  a silicon  elliptical  lens  was  chosen  to  be 
10  mm,  that  defines  the  alignment  accuracy  of  the  chip  of  about  10  pm.  The  IF  coupling 
circuit  has  to  operate  at  the  dynamic  resistance  of  the  mixer  Rd  = 1 00  £2  (200  £2  per 
junction).  The  reflection  loss  has  to  be  kept  below  -10  dB  within  the  IF  band  of  4-8  GHz 
for  R<j  = 50-150  £2. 


IF  timing 
inductance 
(0.7  nH) 

\ 


Antenna-2 


Bias 

Bias  filter 


Symmetry 
band-stop  filter 


H- 

IF  out  (4  - 8 GHz) 


Fig.  1 Simplified  electric  scheme  of  quasi-optical  planar  SIS  mixer  with  double-dipole 
antenna.  The  anti-phase  mode  of  the  twin-SIS  junction  (SIS-1  and  SIS-2)  is  used  in  the 
mixer.  Note  that  the  junctions  are  connected  in  parallel  for  dc  current,  but  in  series  at  rf. 
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Details  of Design 

The  devices  are  designed  for  two  HIFI  bands:  800-960  GHz  and  960-1 120  GHz.  The 
optimization  of  the  layout  is  made  for  each  of  two  bands  separately.  The  double-dipole 
antenna  from  Figure  2 is  scaled  from  500  GHz  integrated  receiver  [16].  The  size  of  the 
antenna  is  34  p.m  x 40  pm  and  the  width  of  its  arms  is  4 pm.  It  was  initially  considered 
that  almost  any  metal  (e.  g.  Nb)  can  be  used  for  the  back  reflector  at  about  1 THz 
assuming  low  current  density  at  the  surface  of  the  film.  The  quarter-wavelength-thick 
silicon  chip  (0.5  mm  x 0.5  mm  x 22  pm)  one-side  covered  with  200  nm  of  Nb  is  placed 
onto  the  antenna  as  the  back  reflector.  The  calculated  feed  point  impedance  of  the 
double-dipole  antenna  with  the  back  reflector  is  shown  in  Figure  3.  The  anti-reflection 
coating  of  the  microwave  lens  is  optimized  for  960  GHz  using  the  46-pm  layer  of 
Stycast™  1264  epoxy  (e  ® 2.9). 

Two  1 -micron  area  SIS  junctions  Nb/Al/A10x/Nb  are  integrated  with  the  antenna  as 
shown  in  Figure  1 and  Figure  2.  The  transmission  line  connecting  the  two  junctions 
(placed  3.6  pm  or  3 pm  apart)  and  antennas  is  a microstrip  line  with  narrow  ground  plane 
- just  1 pm  wider  than  the  strip  which  is  3 pm  or  4 pm  wide  for  the  two  bands 
respectively.  Due  to  the  nearly  symmetric  structure  of  the  transmission  line  its  strip  and 
ground  plane  can  be  exchanged,  so  they  are  equally  connected  to  the  antennas  picking  up 
the  anti-phase  signals.  The  symmetry  of  the  coupling  structure  provides  also  a virtual 
ground  (a  zero  potential  plane)  at  halfway  between  the  junctions,  that  is  equal  to  a tuning 
inductor  connected  in  parallel  to  each  junction  at  high  frequency  [10]. 

The  calculated  coupling  at  rf  is  presented  in  Figure  4 along  with  the  best  fit  of  the 
experimental  FTS  data.  In  these  calculations  the  base  electrode  from  NbTiN  is  assumed 
to  be  a perfect  superconductor  with  London  penetration  depth  300  nm.  The  surface 
(sheet)  resistance  of  0.15  £2  was  used  for  Al.  Two  band-stop  filters  are  connected  to  the 

double-dipole  antenna,  as  shown  in 
Figure  1,  but  only  one  filter  is 
connected  to  the  IF  channel 
providing  the  best  symmetry  of  the 
structure  at  rf.  This  is  assumed  to  be 
essential  for  symmetry  of  the  beam 
of  the  array  antenna.  To  achieve  a 
combination  of  compactness  and 
efficiency,  the  filters  are  designed 
with  alteration  of  coplanar  strips 
and  microstrips.  It  is  found  that 
losses  in  the  antenna  band-stop 
filters  are  not  negligible.  The  3% 
absorption  of  the  rf  signal  is 
Fig.  2 Photograph  of  the  double-dipole  antenna  estimated  for  the  three-stage  band- 
SIS  mixer  fabricated  on  silicon  substrate.  The  stop  filter.  This  value  can  be 
light  metal  strips  are  Al  wiring;  the  darker  ones  actually  made  lower  by  adding  extra 
are  NbTiN  strips  at  the  bottom. 
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Frequency  (GHz) 


Fig.  3 Feed-point  impedance  calculated  for  the  planar  double-dipole  antenna  on  semi- 
infinite  silicon  medium  with  a quarter-wave  reflector  (left  graph);  mutual  impedance  of 
the  antenna  array  is  plotted  on  the  right  graph. 


sections,  but  the  IF  coupling  would  suffer  from  the  growing  capacitance  of  the  filters.  To 
obtain  curves  shown  in  Figure  4,  both  stray  inductance  of  the  SIS  “tablet”  and  stray 
inductance  of  the  microstrip,  that  is  caused  by  the  greater  density  of  the  rf  current  near 
the  junction  window,  are  included  in  the  calculation.  The  stray  inductance  can  be 

estimated  roughly  as  0.1 -0.2  pH  [21]. 


Fig.  4 Best  fit  of  FTS  data  to  the 
calculated  coupling  between  the  antenna 
and  the  mixing  SIS  junction.  The  drop  of 
the  antenna  coupling  (dashed)  to  the 
junction  (solid)  is  caused  by  surface  loss 
in  the  aluminum  layer  of  the 
NbTiN/SiCb/Al  tuning  stripline. 


Experimental  Results 

The  mixers  are  fabricated  using  a process 
similar  to  that  described  previously  for 
waveguide  devices  with  NbTiN  and  A1 
tuning  circuits  [20],  The  standard  optical 
lithography  is  used.  The  NbTiN  ground 
plane  300  nm  thick  is  deposited  at  ambient 
temperature.  The  SiC>2  dielectric  layer  is 
250  nm  thick.  The  A1  wiring  layer 
(400  nm)  has  conductivity  at  4 K, 
O4k~2x108  fl  'm'1,  and  is  expected  to  be 
in  the  anomalous  limit  [22],  The  A1  wiring 
layer  is  protected  against  chemical  attack 
by  200  nm  of  SiC>2.  The  typical  IV-curve  of 
the  experimental  twin-junction  is  presented 
in  Figure  5.  A few  devices  of  band  4 (960- 
1120  GHz)  were  tested  in  the  standard 
vacuum  cryostat  with  optimized  IR  filters. 
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which  optical  losses 
are  estimated  as 
1.2  dB  at  1 THz  [23]. 
The  FTS  data 
demonstrated  a 

feature  that  looks 
very  much  like  a 
high-frequency  cut- 
off just  above  1 THz. 
This  feature  was 
found  to  be  almost 
independent  on 
variation  in  the 
junction  size  and 
other  important 
tuning  parameters . 
The  noise 

temperature  of  about 
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Fig.  5 Unpumped  and  pumped  IV-curves  of  experimental  SIS 
mixer  along  with  hot/cold  response  at  955  GHz  measured  at 
IF=1.5  GHz.  Bath  temperature  is  about  2 K. 
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Fig.  6 Receiver  noise  temperature  (DSB)  measured  for  double-dipole  antenna  SIS 
mixer  at  bath  temperature  about  2 K. 
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500  K was  measured  for  a couple  of  devices  above  950  GHz.  A device  with  the  tuning 
frequency  a bit  lower  than  1 THz  was  eventually  selected.  This  device  demonstrated  a 
3 dB  FTS  range  of  800-1050  GHz  as  shown  in  Figure  4.  The  heterodyne  response  of 
1.6  dB  at  4.2  K and  1.8  dB  at  about  2 K was  measured  with  a 15-pm  beam  splitter  at  the 
frequency  of  935  GHz  (see  Figure  5).  The  response  increased  to  2.1  dB  with  a thinner 
(6  pm)  beam  splitter  at  about  2 K that  yield  Trx  = 260  K (DSB).  The  correction  made  for 
both  beam  splitters  gave  very  close  figures  of  about  245  K at  935  GHz.  The  water  vapor 
absorption  line  at  about  990  GHz  is  clearly  seen  at  the  Trx  data  measured  at 
IF  = 1.5  GHz  (see  Figure  6). 

The  calculated  reflection  at  the  IF  port  vs.  dynamic  resistance  of  the  mixer  is  presented  in 
Figure  7.  The  complete  capacitance  of  the  structure,  which  includes  the  twin-SIS 


Fig.  7 Reflection  loss  at  the 
IF  port  of  the  double-dipole 
antenna  SIS  mixer  vs. 

dynamic  resistance  of  the 
mixing  element.  Calculation 
made  for  four  frequencies 
1.5  GHz,  4 GHz,  6 GHz  and 
8 GHz  in  presence  of 

inductive  IF  tuner  (see  Fig.  1). 


junction,  all  microstrips  and  antenna  filters,  has  been  taken  into  account.  The  reflection 
below  -10  dB  is  predicted  for  most  of  the  band  4-8  GHz.  According  to  the  calculations, 
such  reasonable  coupling  to  a 50  Q transmission  line  can  be  obtained  with  a series 
inductor,  L=0.7  nH,  which  can  be  formed  by  two  1 mm  long  bond  wires  of  20-50  pm  in 
diameter  separated  at  the  distance  of  0.2  mm  (see  Fig.  1). 

The  antenna  beam  is  measured  in  the  direct  detection  mode  using  a relatively  narrow 
beam  source  that  provide  the  dynamic  range  up  to  40  dB  (see  Figure  8).  The  receiver  was 
being  rotated  about  the  phase  center  of  the  antenna.  It  is  found  that  the  antenna  mainlobe 
at  915  GHz  is  almost  round  and  its  half-width  is  about  1.8°  at  -11  dB,  the  first-order 
sidelobe  appeared  below  -16  dB,  and  the  beam  quality  is  not  degrading  at  850  GHz.  The 
width  of  the  beam  is  somewhat  decreasing  at  higher  frequency  that  fit  expectations  for 
the  diffraction  limited  optics.  To  obtain  the  exact  beam  width  required  by  HIFI  (F/3-F/5), 
an  ellipsoid  correction  mirror  is  suggested  in  front  of  the  mixer.  The  cross-polarized 
component  of  the  beam  is  also  measured  at  850  GHz  and  found  to  be  below  -22  dB. 
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Conclusions 


Fig.  8 Antenna  beam  pattern 
of  experimental  double-dipole 
SIS  mixer  with  NbTiN/Si02/ 
A1  tuning  microstrip  at 
915  GHz.  The  chip  is  mounted 
at  elliptical  lens  of  diameter 
10  mm.  Contours  are  at  1 dB 
step.  All  sidelobes  are  below 
-16  dB.  The  distant  spot  at  the 
top-right  comer  is  caused  most 
probably  by  unknown 
reflection. 


A double-dipole  antenna  THz-band  SIS  receiver  with  noise  of  only  10  photons  is 
demonstrated  experimentally.  The  receiver  can  cover  HIFI  band  3 and  the  part  of  band  4 
demonstrating  however  cut-off  just  above  1 THz.  We  conclude  that  NbTiN/Si02/Al 
tuning  microstrip  sputtered  at  ambient  temperature  can  be  low  loss  at  least  up  to  1 THz 
yielding  the  SIS  receiver  noise  temperature  of  250  K at  935  GHz  and  360  K at  1 THz. 
These  experimental  results  support  the  design  value  of  effective  sheet  resistance  of  the 
NbTiN/Si02/Al  microstrip  in  the  range  0.1-0.15  ft.  It  is  demonstrated  numerically  that  IF 
coupling  is  achievable  in  the  range  of  4-8  GHz  for  this  type  of  SIS  mixer.  We  may 
conclude  that  a diffraction  limited  double-dipole  lens-antenna  can  provide  effective  rf 
coupling  for  a THz-band  SIS  mixer  with  sidelobes  less  than  -16  dB.  The  cross-polarized 
component  is  found  below  -22  dB.  It  looks  worth  to  try  the  back  reflector  from  A1  or 
NbTiN  that  can  further  improve  both  the  noise  temperature  of  the  receiver  and  the 
sidelobes  of  the  array  antenna. 
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Design  of  Sideband  Separation  SIS  Mixer  for  3 mm  Band 

V.  Vassilev  and  V.  Belitsky 

Onsala  Space  Observatory,  Chalmers  University  of  Technology 


ABSTRACT 

As  a part  of  Onsala  development  of  a single  sideband  mixer  for  ALMA  band  7 (275-370 
GHz),  we  present  the  design  of  a prototype  sideband  separation  mixer  for  85-115  GHz. 
The  mixer  is  designed  using  a quadrature  scheme  with  two  identical  DSB  SIS  mixers 
pumped  by  a local  oscillator  (LO)  with  90  phase  difference.  The  mixer  employs  a new 
device,  a double-probe  coupler,  which  splits  the  input  RF  signal  and  provides  transition 
from  a waveguide  to  a microstrip  line,  allowing  the  integration  of  all  mixer  components 
on  the  same  compact  substrate  and  thus  ensure  a high  degree  of  similarity  in  the  SIS 
junction  performance  and  the  geometry  of  all  the  mixer  elements  including  integrated 
tuning  circuitry.  The  RF  and  the  LO  power  are  coupled  on  the  substrate  by  using 
microstrip  directional  coupler;  the  remaining  LO  power  at  the  idle  port  of  the  coupler  is 
terminated  by  unbiased  (or  weakly  biased)  SIS  junction  acting  as  a lumped  load.  To 
obtain  feasible  dimensions  of  the  LO  directional  coupler  and  the  SIS  tuning  circuitry  the 
mixer  is  designed  using  two  types  of  dielectric:  150  pm  thick  crystal  quartz  substrate  and 
two  layers  (400  nm  and  200  ran)  of  sputtered  Si02-  The  presence  of  the  two  dielectrics 
(quartz  and  Si02)  requires  step  in  the  ground  plane,  which  is  achieved  by  using  a choke 
structure  as  a virtual  ground  [1]. 

We  present  the  design  of  all  the  mixer  components,  detailed  simulation  results  using  High 
Frequency  Structure  Simulator  and  measurements  of  the  double  probe  coupler. 

INTRODUCTION 

In  [2]  Jewell  and  Mangum  examine  in  details  single  versus  double  sideband  operation  in 
terms  of  the  signal-to-noise  ratio  and  optimum  receiver  performance.  They  found  that 
SSB  observations  are  more  efficient  not  only  for  spectroscopic  observations  in  one 
sideband,  but  even  if  spectral  lines  of  interest  are  present  in  both  sidebands.  With  SIS 
mixer  noise  temperature  approaching  level  of  2-5  times  the  quantum  noise,  the  noise 
performance  of  a double-side  band  (DSB)  super-heterodyne  receiver  can  be  limited  by 
the  atmospheric  noise  fed  into  the  system  via  the  image  band.  A separation  of  the 
atmospheric  noise  introduced  by  the  image  band  can  improve  the  sensitivity  of  a SSB 
receiver  up  to  a factor  of  two  over  the  DSB  receiver  with  balanced  sideband  gains  [4], 

A quadrature  scheme  with  two  identical  DSB  SIS  mixers  pumped  by  a local  oscillator 
(LO)  with  90°  phase  difference  as  shown  in  Figure  1 does  not  use  any  RF  filter 
components  and  has  been  demonstrated  for  mm- wave  band  [3, 4]. 
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Figure  1 Block  diagram  of  the  sideband  separation  mixer.  The  crossed  out  items  at  the 
hybrid  outputs  are  the  rejected  sidebands  (180°  phase  difference). 


The  RF  and  the  LO  amplitude  and  phase  balance  at  the  two  mixers  is  the  limiting  factor 
[5]  in  the  separation  of  the  image  band  (more  than  10  dB  is  a typical  specification). 


MIXER  DESCRIPTION 


The  whole  mixer  circuitry  is  design  on  a single  crystal  quartz  substrate  9mm/  0.7mm/ 
1 50pm  as  shown  in  Figure  2. 


5 


1 Jm 


Figure  2 Layout  of  the  sideband  separation  mixer.  1-  double  probe  3 dB  coupler,  2-  15dB  LO  directional 
coupler,  3-  LO  waveguide  to  microstrip  transition,  4-  SIS  junction  as  an  absorbing  load,  5-  crystal  quartz 
substrate,  6-  SIS  mixer  junction,  7-  choke  structure,  8-  3 sections  transformer  matching  the  LO  probe  to  the 
LO  injection  coupler. 
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The  substrate  is  coupled  to  the  Rf  waveguide  via  a double-probe  3dB  coupler  (1).  A 
waveguide  branch  line  coupler  provides  90°  phase  shift  and  splits  the  LO  power  which  is 
then  coupled  at  the  ends  of  the  substrate.  Three  section  transformer  (8)  matches  the 
impedance  of  the  LO  probe  (3)  to  the  LO  injection  coupler  (2).  To  keep  the  signal  path 
loss  small  the  LO  power  is  coupled  to  the  RF  via  -15dB  directional  coupler  (2).  SIS 
junction  (4)  is  used  as  a load  for  the  idle  ports  of  the  substrate  LO  coupler  to  terminate 
the  remaining  LO  power. 

Two  types  of  transmission  line  media  are  used:  microstrip  lines  (the  lines  linked  to  1,  2 
and  3 from  Figure  2)  which  use  the  150pm  crystal  quartz  substrate  as  dielectric  and 
‘narrow’  microstrip  lines  (the  lines  located  above  the  choke  7)  which  are  placed  on  the 
top  of  a thin  sputtered  Si02  layer.  To  increase  the  upper  limit  of  the  attainable 
impedances  of  Si02  based  line,  two  layers  of  Si02  are  used-  200nm  layer,  which  is  placed 
over  the  last  sections  of  the  choke  and  accommodates  the  SIS  junctions  and  a second 
200nm  layer  (on  top  of  the  first  one)  over  the  middle  choke  sections  allowing  increase  in 
the  line  impedance  by  a factor  of  2 up  to  ~ 25  £2. 

THE  DOUBLE-PROBE  COUPLER 


In  attempt  to  simplify  the  design  by  combining  the  low-loss,  wide  band  power  division 
with  the  waveguide  to  microstrip  transition,  we  suggest  a device  where  a double-probe 
structure  is  coupled  to  the  E-field  in  a waveguide  as  shown  in  Figure  3.  The  probes  split 
the  input  RF  signal  over  a frequency  band  limited  by  the  dominant  mode  of  the 
waveguide  and  simultaneously  provide  transition  from  waveguide  to  microstrip  line  for 
easy  integration  with  the  associated  mixer  circuitry  [6], 


Figure  3 Waveguide  to  microstrip  power 
divider.  1 - the  input  port,  2,3  - the  output  ports, 
4 - channel  with  the  substrate,  5 - probes,  6 - 
high  impedance  line,  7 - output  microstrip  line. 


Figure  4 Measured  transmission  magnitude  of 
the  power  divider  (solid  lines)  and  the  simulated 
transmission  (dashed  lines). 


The  transmission  S21  and  S31  were  measured  between  85-115  GHz  and  are  plotted  in 
Figure  4,  the  typical  total  loss  is  ~0.3dB  over  30%  of  bandwidth.  In  this  measurement 
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only  response  calibration  was  performed,  the  observed  amplitude  asymmetry  is  < 0.3  dB 
and  is  likely  caused  by  the  interaction  between  the  system’s  source  and  loads  mismatch. 
The  double  probe  coupler  is  a perfect  phase-splitter,  since  the  E-field  vector  oscillates  in 
the  direction  parallel  to  the  probes;  phase  difference  of  180°  is  introduced  between  the 
output  ports  for  all  frequencies  of  the  waveguide  dominant  mode.  Thus  the  suggested 
power  divider  provides  perfect  phase  symmetry.  Good  amplitude  symmetry  is  observed 
as  long  as  the  output  ports  are  terminated  with  identical  loads.  The  power  divider 
transducer  power  gain  was  examined  for  different  values  of  possible  loads  mismatch  and 
the  resulting  asymmetry  is  compared  to  that  of  the  ideal  Wilkinson  in  [6],  it  was  shown 
that  for  small  load  impedance  deviations  Z]_/Z0  the  asymmetry  of  the  suggested  power 
divider  converges  to  the  one  of  the  ideal  Wilkinson  divider. 

LO  DIRECTIONAL  COUPLER 

A number  of  attempts  were  made  to  design  a LO  injection  directional  coupler  by  using 
the  Si02  as  transmission  medium.  However  due  to  the  small  dielectric  thickness,  the  gap 
required  between  the  coupled  lines  appears  to  be  critically  small  even  if  periodic 
capacitive  coupling  is  introduced  on  top  of  the  lines.  To  ease  the  processing  requirements 
the  LO  injection  coupler  was  designed  using  the  crystal  quartz  substrate  as  a dielectric 
which  also  facilitates  its  connection  to  the  double  probe  coupler.  The  LO  coupler  together 
with  the  power  divider  is  shown  in  Figure  5. 


Port  6 - from  the  LO 


Figure  5 LO  injection  directional  coupler  together  with  the  power  divider.  Port  1 is  the  RF  waveguide 
input,  ports  2,  3 are  connected  to  the  SIS  junctions  via  a A/4  transformer  section,  the  LO  power  is  applied  at 
ports  6 and  7,  ports  4 and  5 are  connected  to  the  LO  termination  load  (unbiased  SIS  junctions  ). 

The  transmission  lines  were  designed  as  wide  as  possible  in  order  to  decrease  the 
impedance  at  the  ports  to  ease  the  matching  to  the  SIS  junctions.  The  resultant  7 ports 
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structure  was  analyzed  using  HFSS  simulator  [8],  and  the  simulated  performance  is 
shown  in  Figure  6.  The  shape  of  the  line  that  provides  180°  bend  in  the  LO  path  was 
optimized  to  minimize  the  reflection  caused  by  the  ‘sharp’  bend. 
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Figure  6 Simulated  performance  of  the  RF  power  divider  and  LO  injection  coupler. 

The  LO  to  RF  coupling  is  nearly  constant  -15dB,  the  return  loss  at  all  the  ports  is 
> 17  dB  and  the  directivity  is  > 14dB. 

CHOKE 

Incorporating  the  two  types  of  dielectric-  150  pm  crystal  quartz  substrate  and  the  two 
layers  of  Si02  (200nm  and  400  nm)  for  the  lines  surrounding  the  SIS  junctions  requires 
transition  between  the  two  ground  planes.  More  effective  step  in  the  ground  can  be 
achieved  by  shaping  the  upper  ground  plane  as  a ‘choke’  or  band-stop  filter  as  suggested 
by  [1],  This  idea  is  illustrated  in  Figure  7 where  a line  is  placed  on  top  of  the  choke 
structure  separated  by  a thin  Si02  layer.  The  direct  way  to  evaluate  the  efficiency  of  such 
a step  in  the  ground  plane  is  to  observe  what  amount  of  the  power  is  directed  between  the 
choke  and  the  line  and  what  fraction  of  the  power  remains  trapped  between  the  choke  and 
the  first  ground  plane.  This  would  require  to  represent  the  structure  as  a 2 ports  / 2 modes 
device.  However  to  perform  an  electromagnetic  simulation  on  such  a structure  is  difficult 
and  impractical  since  the  thickness  of  the  Si02  layer  is  much  smaller  (factor  of  10'4  ) 
compared  to  the  choke  dimensions.  As  a result  the  number  of  cells  required  to  properly 
mesh  the  structure  exceeds  the  workable  amount  of  cells  typical  for  a reasonable 
simulation.  Therefore  the  Si02  layer  and  the  transmission  line  are  omitted  in  the 
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simulation  and  the  choke  is  considered  only  as  a band-stop  filter  with  open  ports.  The 
performance  of  the  above-defined  structure  is  shown  in  Figure  8. 


croc©  os  a second 
ground  plane 


$02  eased 

line 


Figure  7 Choke  structure  on  top  of  the  quartz  substrate  and  a line  separated  by  a thin  Si02  layer  (not 
visible  in  the  picture). 

Since  the  ports  of  the  choke  are  virtually  short-circuited  to  the  first  ground  plane  (Sn,  S22 
in  Figure  8)  we  can  make  the  assumption  that  the  power,  which  is  not  locked  in  between 
the  choke  and  the  first  ground  plane  is  directed  between  the  choke  and  the  transmission 
line.  Therefore  the  loss,  which  is  due  to  the  step  in  the  ground  plane,  should  not  exceed 
-3.10"3  dB  (-22dB  leak  in  the  quartz  substrate). 


Figure  8 Transmission  of  the  choke  with  open  ports  (terminated  with  the  channel  impedance)  and  the 
reflection  at  the  ports.  The  solid  line  in  the  first  plot  represents  the  power  in  the  main  TEM  mode,  which 
remains  trapped  between  the  choke  and  the  first  ground  plane,  the  dashed  line  illustrates  the  growth  of  the 
transverse  resonant  mode  caused  by  the  low  impedance  choke  sections. 
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The  dashed  line  in  Figure  8 shows  the  appearance  of  the  transverse  resonant  mode  at  = 
125  GHz,  which  restricts  further  increase  of  the  width  of  the  low  impedance  choke 
sections,  the  width  of  the  high  impedance  sections  is  chosen  to  accommodate  the  SIS 
tuning  circuitry. 

LINE  TRANSITION  BETWEEN  THE  TWO  DIELECTRICS 

The  line  transition  from  150  pm  quartz  to  400  nm  Si02,  as  shown  in  Figure  9,  creates 
significant  geometrical  and  electrical  discontinuity  causing  reflection  even  if  the  lines 
have  identical  impedances.  Bringing  the  ‘wide’  quartz-based  line  close  to  the  Si02  layer 
shunts  the  signal  due  to  its  excessive  capacitance  with  respect  to  the  2nd  ground  plane. 
Different  configurations  of  tapered  shapes,  to  connect  the  two  lines,  were  simulated  to 
minimize  the  effect  of  the  discontinuity.  The  distance  L was  optimized  and  for  this 
particular  example  is  about  30  pm. 


Figure  9 Quartz-based  line  to  SiCVbased  line  transition.  Two  lines  having  the  same  impedance  but  using 
dielectrics  with  different  thickness  are  connected  via  a “tapered  line”  with  optimized  length. 

In  our  simulations  all  the  lines  were  modeled  as  perfect  conductors,  therefore  the  London 
penetration  depth  in  a superconductor  is  not  taken  into  account  in  the  calculation  of  the 
line  impedances.  Therefore  the  actual  line  impedance  exceeds  the  impedance  computed 
by  HFSS  with  factor  of  1.15  for  400  nm  SiC>2  substrate  and  line  impedance  of  = 30Q.  In 
other  words  a superconducting  line  having  the  same  impedance  as  the  line  in  HFSS 
would  have  been  wider  with  a factor  of  1.15.  Nevertheless  in  terms  of  discontinuity  this 
would  not  make  any  difference  that  may  possibly  affect  the  result  of  the  simulation.  The 
reflection  produced  by  such  a transition  is  presented  in  Figure  10. 
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Figure  10  The  reflection  caused  by  the  discontinuity  in  the  line  transition  between  quartz  and  Si02 
dielectrics. 


LO  BRANCH  LINE  COUPLER 

Finally  to  divide  the  LO  power  between  the  two  mixers  and  to  introduce  the  90°  phase 
difference  a waveguide  branch  line  coupler  was  designed.  Since  the  required  LO  band  is 
narrower  compared  to  the  RF  band  with  2 times  the  IF  highest  frequency,  introducing  the 
90°  phase  difference  in  the  LO  path  will  benefit  better  phase  and  amplitude  symmetry  of 
the  coupler  due  to  the  reduced  bandwidth.  To  facilitate  the  machining  the  LO  coupler 
(Figure  2)  employs  symmetrical  branch  sections  [7], 

The  important  parameters  in  the  branch  line  coupler  performance  relevant  for  the  image 
band  isolation  are  the  magnitude  and  the  phase  symmetry.  Figure  11  shows  the 
magnitude  difference  and  the  phase  shift  between  the  two  channels. 
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Figure  1 1 Simulated  magnitude  asymmetry  and  phase  shift  between  the 
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outputs  of  the  LO  coupler. 
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SIS  INTEGRATED  TUNING  CIRCUIT 

SIS  junction  tuning  circuitry  is  designed  using  microstrip  lines  based  on  sputtered  Si02  as 
a dielectric  and  consists  of  inductive  section  followed  by  an  open  stub  (short  circuit)  as 
shown  in  Figure  12.  This  configuration  is  used  for  both  SIS  mixer  junction  and  LO 
termination  load  and  both  circuits  were  optimized  for  source  power  match.  Similar 
tuning  circuitry  was  employed  by  [Carpenter]  except  we  use  the  open  stub  input  to 
connect  DC  bias  and  IF  output. 


Figure  12  SIS  tuning  circuitry.  This  configuration  is  identical  for  both  SIS  mixer  junctions  and  SIS  LO 
termination  junctions. 

The  mixer  tuning  was  designed  for  source  impedance  of  = 6912  and  frequency  range  85  - 
1 16  GHz.  To  provide  matching  between  the  SIS  junction  and  the  relatively  high  source 
impedance,  the  required  transformer  section  impedance  is  of  about  25  Q.  In  order  to 
obtain  the  line  with  such  impedance  while  keeping  reasonable  line  dimensions  we 
introduced  a second  200  nm  Si02  layer  giving  total  dielectric  thickness  in  the  transformer 
section  of  = 400  nm. 

Using  SIS  junction  with  its  tuning  circuitry  for  LO  termination  gives  the  opportunity  to 
produce  it  within  the  same  processing  steps  as  the  mixer  junction  while  the  thin  film 
resistors  need  additional  and  somewhat  critical  processing  steps  to  achieve  the  required 
high  resistivity  of  the  normal  metal  film.  The  LO  termination  was  optimized  for  the 
frequency  band  AF-2FiF,  where  AF  is  the  SIS  mixer  RF  band  (85-116  GHz)  and  FiF=4.6 
GHz  is  the  upper  intermediate  frequency.  The  level  of  RF  power  at  SIS  junction  is 
defined  by  parameter  a=eVrf/hf,  here  e is  the  electron  charge,  h is  Planck’s  constant  and  f 
is  the  operating  frequency.  The  RF  voltage  across  the  LO  termination  junction,  Vrf,  is  15 
dB  higher  than  the  Vrf  across  the  mixer  junction  (the  coupling  of  the  LO  coupler  is  -15 
dB).  Assuming  that  the  SIS  mixer  junction  operates  at  am=l  at  the  SIS  LO  termination 
junction  this  will  give  (Xt~5.  The  result  of  the  circuit  optimization  is  presented  in  Figure 
13. 
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Figure  13  Coupling  efficiency  and  impedance  of  the  LO  termination  SIS  junction  together  with  its  tuning 
circuitry.  The  values  for  the  impedance  are  normalized  to  69Q  which  is  the  required  impedance  for 
matched  LO  coupler  termination. 

CONCLUSION 


We  present  the  design  of  a sideband  separation  mixer  for  85-115  GHz.  The  mixer  is 
based  on  a new  device  - a double-probe  coupler,  which  makes  possible  the  integration  of 
all  mixer  components  on  the  same  compact  substrate  and  thus  ensures  a high  degree  of 
similarity  in  the  SIS  junction  performance  and  the  geometry  of  all  the  mixer  elements. 
Together  with  the  good  symmetry  provided  by  the  double-probe  coupler  and  the  LO 
branch  line  coupler,  this  gives  the  prospect  of  very  good  image  band  suppression. 
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Abstract 

Reflection  properties  of  several  commercial  absorbers  measured  at  frequencies  of  200, 
300,  400,  500,  and  600  GHz  with  different  incident  angles  are  presented  in  this  paper. 
The  measurements  were  done  using  a specially  built  test  setup  with  a vector  network 
analyzer  and  a linear  scanner.  The  presented  results  show  the  measured  peak  reflectance 
values,  i.e.,  the  maximum  reflection  from  the  object.  The  reflectance  requirement  for 
absorbers  used  in  compact  antenna  test  ranges  (CATRs)  is  usually  -40  dB  for  all  incident 
angles.  According  to  our  measurements,  this  is  not  possible  with  the  tested  absorbers  over 
the  whole  frequency  range. 

1.  Introduction 

High  quality  radiation  absorbing  materials  (RAM)  with  reflectivities  below  -40  dB  are 
needed  for  antenna  test  ranges  operating  at  submillimeter  wavelengths  [1],  This  limit  is 
chosen  to  allow  low  enough  added  fields  in  the  quiet-zone  region.  If  the  antenna  needs  to 
be  measured  pointing  directly  to  the  back-wall,  even  lower  absorber  reflectivity  is 
required.  Conventional  carbon-loaded  convoluted  and  pyramidal  foam  absorbers  do  not 
provide  the  necessary  absorption  performance.  A large-sized  antenna  test  range,  like  the 
compact  antenna  test  range  (CATR),  needs  very  large  quantities  of  absorbers. 

MilliLab  (HUT  Radio  Laboratory)  is  developing  a submillimeter  wavelength  CATR 
facility  using  a planar  hologram  in  a contract  for  the  European  Space  Agency  (ESA) 
[2,3],  This  CATR  is  planned  for  testing  reflector  antennas  in  the  1.5  meter  class  at 
frequencies  of  300-650  GHz.  It  is  desirable  that  one  type  of  absorber  can  cover  the  whole 
operational  frequency  range.  In  this  paper,  the  measured  reflectances  for  several 
commercial  absorber  types  at  different  incident  angles  and  polarisations  over  the 
frequency  band  of  200-600  GHz  are  presented. 

2.  Tested  absorbers 

The  tested  absorbers  (FIRAM-500,  TERASORB-500,  TK  THz  RAM,  Eccosorb  LS-22) 
are  based  on  different  materials.  FIRAM-500  is  made  of  iron  oxide  loaded  silicon  [4], 
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TERASORB-500  of  carbon  loaded  EVA  (ethylene  vinyl  acetate)  plastic  [4],  TK  THz 
RAM  of  carbon  loaded  polypropylene  plastic  [5],  and  Eccosorb  LS-22  of  carbon  loaded 
polyurethane  foam  [6],  FIRAM  and  TERASORB  panels  have  a wedged- type  surface 
design,  TK  THz  RAM  a sharp  pyramidal  surface,  and  the  Eccosorb  surface  is  flat. 
Eccosorb  LS-22  is  designed  for  operation  below  30  GHz,  but  it  was  tested  just  like  the 
others.  Reflectivity  results  for  other  absorber  types  in  the  100-200  GHz  range  can  be 
found  in  [7], 

3.  Instrumentation  and  test  procedures 

The  test  instrumentation  was  built  around  a millimeter  wave  vector  network  analyzer  AB 
Millimetre  MVNA-8-350  equipped  with  submillimeter  wave  extensions  ESA-1  and  ESA- 
2 [2],  The  source  ESA-1  consists  of  a phase-locked  Gunn  oscillator  and  a frequency 
multiplier.  The  receiver  ESA-2  has  a similar  phase-locked  Gunn  oscillator  which  acts  as 
the  local  oscillator  for  a sensitive  waveguide-type  Schottky  mixer.  Fixed  positions  of  the 
transmitter  and  receiver  modules  were  used  for  precise  alignment  of  the  angle  and  to 
ensure  good  repeatibility. 

The  test  setup  is  shown  in  Figure  1 for  vertical  E-field  polarisation.  A photograph  of  the 
test  setup  is  presented  in  Figure  2.  The  used  incident  angles  of  0,  = 26.5°,  45°,  63.4°  were 

chosen  for  easing  precise  alignment  on  the  optical  table.  Alignment  guides  were  mounted 
to  the  optical  table  and  then  the  transmitter  and  receiver  modules  were  fixed  to  the 
guides.  In  the  6i  = 63.4°  measurements,  a thick  absorber  sheet  between  the  transmit  and 

receive  antennas  was  used  to  reduce  direct  coupling  due  to  antenna  sidelobes  (see  Figure 
2).  Direct  coupling  between  the  antennas  without  the  target  was  tested  to  be  always 
below  -70dB  or  the  measurement  noise  floor  (whichever  higher). 


Optical  table 


Figure  1.  Schematic  drawing  of  the  test  instrumentation. 
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Figure  2.  Photograph  of  the  test  setup. 


Figure  3.  Amplitude  data  from  the  network  analyzer  (300  GHz,  45  degrees  and  H-H  pol). 
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The  flat  metal  plate  used  for  calibration  and  the  tested  absorbers  were  mounted  to  a linear 
scanner.  The  distance  of  the  test  object  ( d in  Figure  1)  was  varied  a few  wavelengths 
around  its  center  value  determined  by  geometry.  The  measured  reflected  powers  have 
clearly  periodical  patterns,  as  can  be  seen  from  Figure  3,  due  to  field  scattering  from  the 
target.  At  least  ten  averaged  amplitude  and  phase  values  were  taken  for  each  wavelength 
in  the  reflectance  measurements. 

The  surface  area  illuminated  by  the  incident  beam  is  relatively  small  and  the  reflectance 
results  depend  on  the  position  of  the  absorber.  To  find  out  the  effect  of  this,  the  absorbers 
were  tested  in  three  different  mounting  positions  along  the  x-axis. 

Accuracy  of  the  reflection  measurement  depends  on  the  analyzer  dynamic  range,  which 
degrades  with  increasing  frequency  (from  about  100-60  dB  at  200-600  GHz).  The 
amplitude  measurement  accuracy  for  both  vertical  and  horizontal  polarizations  at  200- 
400  GHz  is  estimated  to  be  ±0.1  dB,  and  about  ± 0.5  dB  at  500—600  GHz. 

4.  Measurement  results 

The  reflected  power  from  a flat  aluminium  plate  was  measured  first  for  each  incident 
angle.  After  that,  the  reflected  powers  from  different  absorbers  were  measured.  The 
presented  absorber  reflectivity  dB-values  in  this  paper  are  all  relative  to  the  reflectivity  of 
the  flat  plate.  They  show  the  highest  measured  reflectivity,  i.e.,  the  worst  performance 
over  three  subsequent  linear  scans  with  the  absorber  mounted  in  different  position.  For 
the  wedged-type  absorbers  FIRAM-500  and  TERASORB-500  the  results  are  given  for 
both  vertical  (gv)  and  horizontal  (gh)  groove  directions. 

The  measured  and  calibrated  absorber  reflectivities  for  0i  - 26. 5°,  45°,  63 .4°  using 

vertical  and  horizontal  polarizations  are  shown  in  Tables  1 and  2,  and  also  presented  in 
Figures  4—6.  The  lowest  measured  reflectivities  for  each  test  are  printed  in  bold  in  Tables 
1 and  2.  Reflectivities  of  even  the  best  absorbers  are  always  higher  than  -40  dB.  The 
measured  reflectivity  values  increase  with  larger  incidence  angles.  The  frequency 
dependence,  however,  is  not  so  clear.  FIRAM-500  and  TERASORB-500  materials  are 
specifically  optimized  for  500  GHz,  and  they  clearly  have  better  performance  in  the  400- 
600  GHz  range  than  in  the  200-300  GHz  range.  In  the  lower  frequencies  TERASORB 
has  somewhat  lower  reflectivities  than  FIRAM,  but  in  the  400-600  GHz  range  the  results 
are  quite  similar  with  both  groove  directions.  TK  THz  RAM  has  the  lowest  reflectivity  in 
almost  all  angles  and  frequencies.  Eccosorb  LS-22  has  the  worst  performance,  as  can  be 
expected  for  a standard  microwave  absorber  intended  for  frequencies  well  below  30  GHz. 

5.  Conclusions 

The  reflectivities  of  several  commercially  available  absorbers  have  been  measured  at 
200-600  GHz.  The  measurements  were  carried  out  with  incident  angles  of 
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0.  = 26.5°,  45°,  63 .4°.  The  results  presented  in  this  paper  show  the  measured  peak 

reflectivity  values  taken  over  three  different  positions  of  the  absorbers.  The  reflectivity 
requirement  for  high  performance  compact  ranges  is  usually  -40  dB  in  all  angles  of 
incidence.  This  is  clearly  not  yet  possible  at  submm-waves  with  commercially  available 
materials.  TK  THz  RAM  manufactured  by  Thomas  Keating  Engineering  Physics,  Inc., 
was  found  to  have  the  best  overall  performance  in  the  tests. 
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Table  1.  Reflectivity  measurement  results  for  vertical-vertical  polarization 
(values  in  dB  relative  to  the  flat-plate  reference). 


26.5  deg  vertical-vertical 


rasa 

firamgv  firamgh  terasorb  gv  terasorbgh  tkthzram  eccosorbj 

200 

-21.7 

-26.2 

-21.3 

-29.5 

-34.6 

-13.2 

300  | 

-25.2 

-27.7 

-23.5 

-32.6 

-334 

-14.6 

400 

-23.5 

-32.4 

-27.9 

-27.9 

-324 

-18.8 

500 

-21.4 

-27.6 

-25.3 

-24.8 

-28.5 

-10.7 

600 

-25.2 

-25.7 

-25.3 

-25.7 

-29.5 

-22.7 

45  deg  vertical-vertical 
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200  | 

-17.8 

-24.7 
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-27.3 

-35.5 

-12.4 

300 

-19.5 

-27 

-16.3 

-30 

-31.1 

-14.4 

400 

-19.7 

-29.7 

-21.8 

-26.3 

-31.9 

-18.8 

500 

-20.7 

-28.3 

-23.8 

-27.8 

-9.9 

600 

-22.8 

-24.6 

-24.2 

-21.9 

-28.1 

-16.5 

63.4  deg  vertical-vertical 
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terasorb  gv 

tk  thz  ram 

eccosorb 

200 

-14.2 

-182 

-12.7 

-22.3 
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-12 

-16.7 

-9.55 

-19.9 

-20.1 

-7.3 

400 

-10.6 

-20.5 

-12.7 

-22.3 

-20.5 

-11.7 

500 

-9.7 

-19 

-12.7 

-17.7 

-18 

-12.6 

600 

-14.4 

-18.5 

-15.4 

-16.9 

-24.9 

-13.7 

Table  2.  Reflectivity  measurement  results  for  horizontal-horizontal  polarization 
(values  in  dB  relative  to  the  flat-plate  reference). 
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-39.1 
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-33.1 

-30 
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-35 
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500 

-28.3 

-25.4 

-30.6 

-24.6 

-17.3 

600 

-24.9 

-23.5 

-25.7 
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-26.9 

-17.2 

45  deg  horizontal-horizontal 
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200 

-23.5 

-23.9 
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-18.5 

-19.6 

300 

-33.6 

-30.4 

-25.4 

-27.9 

-33.4 

-20 

400 

-34.7 

-30.6 

-30.9 

-35.6 

-24.5 

500 

-29.5 

-25.3 

-30.1 

-28.5 

-30.4 

-20 

600 

-25.8 

-28.1 

-28.8 

-33.2 

-30.4 

-21.8 

63.4  deg  horizontal-horizontal 
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-16.8 
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300 

-15.4 
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-12.8 
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-22 
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400 

-12 

-21.3 
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-15 

500 

-14.6 
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-17.6 
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-19.4 

-14.4 

600 

-19.8 

-23.4 

-19.4 

-24 

-25.7 

-18.7 
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Figure  4.  Measured  reflectivities  for  8 ) = 26.5  degrees. 


Figure  5.  Measured  reflectivities  for  81  = 45  degrees. 


Figure  6.  Measured  reflectivities  for  6i  = 63.4  degrees. 
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Abstract  - The  hologram  based  compact  antenna  test  range  (CATR)  is  a potential  method 
for  measuring  large  antennas  at  submillimeter  wave  frequencies.  The  test  results  of  a 
demonstration  CATR  for  310  GHz  are  shown.  Also,  further  development  of  the  hologram 
CATR  is  discussed;  the  hologram  manufacturing  and  possible  improvements  to  the 
hologram  CATR  with  a dual  reflector  feed  system  is  described. 

INTRODUCTION 

In  the  near  future,  several  scientific  and  remote  sensing  satellites  with  submillimeter  wave 
instruments  and  antennas  (for  example  Planck  and  MASTER  by  ESA)  are  scheduled  for 
launch.  The  testing  of  electrically  large  submillimeter  wave  antennas  presents  some 
technical  challenges  to  be  met,  because  the  testing  cannot  be  done  or  is  problematic  with 
existing  antenna  measurement  facilities. 

Conventional  far-field  measurements  cannot  be  used  for  large  submillimeter  wave 
antennas.  The  required  far-field  distance  may  be  tens  or  hundreds  of  kilometers,  which 
makes  these  measurements  impossible  because  of  the  high  atmospheric  attenuation.  The 
radiation  pattern  and  other  properties  of  the  antennas  can  also  be  determined  by  measuring 
the  electromagnetic  near-field  of  the  antenna  and  performing  a computational  near-field- 
to-far-field  transformation.  The  near-field  of  an  antenna  has  to  be  sampled  with  sample 
spacing  less  than  A/2.  For  electrically  large  antennas  the  required  number  of  samples  is 
very  large  — several  millions  of  measurement  points  are  needed.  The  measurement  is  time 
consuming  and  requires  great  stability  and  positioning  accuracy  from  the  measurement 
equipment.  Compact  antenna  test  ranges  (CATRs)  are  seen  as  the  potentially  most  suitable 
measurement  technique  for  submillimeter  wave  antennas  [1]. 

The  compact  antenna  test  ranges  allow  the  measurements  to  be  done  indoors  in  a 
controllable  environment.  In  a CATR,  a focusing  element  forms  a planar  wave  into  a so- 
called  quiet-zone  (QZ)  from  the  spherical  wave  emitted  by  a feed  antenna.  The  focusing 
element  can  be  a reflector  or  several  reflectors,  a lens,  or  a hologram.  The  most  commonly 
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used  CATRs  are  based  on  the  use  of  reflectors.  The  highest  usable  frequency  of  a reflector 
CATR  is  limited  by  the  surface  accuracy  of  the  reflectors.  The  required  high  surface 
accuracy  makes  manufacturing  of  the  reflectors  expensive.  Lenses  are  not  used  for  large 
CATRs,  because  of  the  lack  of  suitable  homogenous  low-permittivity  lens  materials. 

The  hologram  is  a transmission  type  focusing  element  with  lower  surface  accuracy 
requirements  than  reflectors.  This  makes  hologram  manufacturing  potentially  much  more 
economical  than  manufacturing  of  large  reflectors.  The  hologram  is  a binarized 
interference  pattern  of  the  incoming  spherical  wave  and  the  desired  planar  wave.  When  the 
hologram  is  illuminated  with  the  spherical  wave,  the  planar  wave  is  generated  into  the 
quiet-zone.  The  interference  pattern  is  realized  by  etching  radiotransparent  slots  to  a 
metallization  layer  on  a dielectric  substrate.  To  avoid  edge  diffraction  the  slots  are  tapered, 
i.e.  narrowed,  at  the  edges  of  the  hologram  pattern.  The  basic  structure  of  the  hologram 
CATR  is  presented  in  Figure  1 . 


Figure  1 . CATR  based  on  a hologram. 

The  holograms  used  for  CATRs  are  numerically  generated  [2].  The  holograms  are 
simulated  using  finite  difference  time  domain  method  (FDTD)  to  compute  the  aperture 
field  and  physical  optics  (PO)  is  used  for  computing  the  quiet-zone  field.  The  holograms 
are  designed  iteratively;  a hologram  is  generated  and  after  the  simulation  a modified 
hologram  is  generated  to  improve  the  quiet-zone.  The  plane  wave  in  the  quiet-zone  is 
typically  required  to  have  an  amplitude  ripple  less  than  1 dB  peak-to-peak  and  maximum 
phase  ripple  of  10°  peak-to-peak.  An  example  of  a hologram  pattern  is  presented  in  Figure 
2. 
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Figure  2.  A binarized  hologram  pattern. 


DEMONSTRATION  COMPACT  ANTENNA  TEST  RANGE  FOR  310  GHZ 

A 60  cm  diameter  hologram  was  designed  for  demonstration  purposes.  The  hologram  was 
manufactured  by  a commercial  printed  circuit  board  (PCB)  manufacturer.  The 
measurement  instrumentation  was  based  on  a millimeter  wave  vector  network  analyzer 
MVNA-8-350  (by  AB  Millimetre).  The  MVNA-8-350  can  be  used  with  various  source 
and  receiver  configurations.  The  source  was  a phase-locked  Gunn  oscillator  with  a 
frequency  multiplier.  The  receiver  was  a harmonic  Schottky  mixer  pumped  with  a phase- 
locked  Gunn  oscillator. 

The  source  was  mounted  on  a small  xyz-scanner,  which  allowed  precise  adjustments  of  the 
source  location  relative  to  the  hologram.  The  transmitting  antenna  was  a 310  GHz 
corrugated  horn  antenna.  The  receiver  was  mounted  on  a large  planar  xy-scanner.  The 
probe  antenna  was  an  open-ended  WR-3  waveguide.  The  quiet-zone  field  of  the  CATR 
was  scanned  at  a distance  of  1 .5  meters  from  the  60  cm  hologram.  The  measured  contour 
map  of  the  quiet-zone  amplitude  is  presented  in  Figure  3.  The  horizontal  phase  scan  at  the 
center  of  the  quiet-zone  is  shown  in  Figure  4. 
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Quiet-zone  of  the  310  GHz  hologram 


0 5 10  15  20  25  30  35  40  45 


Width  [cm] 

Figure  3.  Measured  quiet-zone  amplitude  of  the  310  GHz  demonstrator  CATR. 


HORIZONTAL SCAN 


TRANS VLRSL  DISTANCE 


Figure  4.  Measured  and  theoretical  phases  in  horizontal  direction. 

The  peak-to-peak  amplitude  ripple  was  found  to  be  about  1 dB  and  the  phase  ripple  within 
10°.  The  quiet-zone  size  was  found  to  be  approximately  25  cm  x 20  cm.  With  visual 
inspection  of  the  hologram,  it  was  found  out  that  the  narrowest  slots  at  the  edges  of  the 
hologram  had  not  been  properly  etched  and  the  hologram  had  actually  a diameter  of  52  cm 
instead  of  the  designed  60  cm.  The  truncated  slots  cause  the  elliptic  shape  of  the  quiet- 
zone  seen  in  Figure  3. 
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DEVELOPMENT  OF  HOLOGRAM  MANUFACTURING 

The  quiet-zone  of  the  CATR  is  required  to  be  larger  than  the  antenna-under-test.  To 
realize  a quiet-zone  with  a diameter  of  over  two  meters  for  testing  of  two-meter  antennas, 
the  hologram  has  to  be  3-4  meters  in  diameter.  The  required  surface  flatness  can  be 
achieved  by  tensioning  the  hologram  into  a frame.  The  required  hologram  pattern 
accuracy,  i.e.,  slot  width  and  slot  spacing  accuracy  in  the  pattern,  is  estimated  to  be  about 
20  and  5 pm  for  frequencies  of  300  and  1000  GHz,  respectively.  Tapering  of  the  slots,  i.e., 
narrowing  of  the  slots,  is  needed  at  the  edges  of  the  hologram  pattern  to  reduce  edge 
diffraction.  The  tapering  causes  the  narrowest  slots  to  be  about  20  pm  at  600  GHz.  These 
narrow  slots  are  difficult  to  manufacture.  The  hologram  operation  is,  however,  quite 
tolerable  to  localized  manufacturing  errors. 

Several  test  holograms  were  manufactured  by  different  manufacturers  and  these  holograms 
were  tested  in  the  MilliLab,  Radio  Laboratory.  The  manufacturing  methods  tested  were 
mainly  conventional  printed  circuit  board  processes  (photolithography)  and  modifications 
of  these  by  different  exposure  methods.  Selective  metallization  of  mylar  substrate  was  also 
tested  with  laser-induced  chemical  liquid-phase  deposition  (LCLD)  [3],  The  quiet-zone  of 
one  of  these  20  cm  diameter  test  holograms  was  measured  in  three  dimensions  by  taking 
crosscuts  of  the  quiet-zone  field  at  several  locations  along  the  direction  of  the  wave 
propagation.  The  resulted  3D  scan  of  the  quiet-zone  is  presented  in  Figure  5. 


Crosscuts  of  the  quiet-zone 


Figure  5.  Quiet-zone  of  a small  hologram  along  the  direction  of  propagation. 

Commonly  available  commercial  printed  circuit  board  (PCB)  processes  are  usually  limited 
to  the  circuit  board  size  of  600  mm  x 600  mm  and  etching  of  narrow  slots  at  the  edges  of 
the  area  is  problematic.  In  a conventional  PCB  process  phosensitive  resist  is  applied  over 
the  metallization  on  the  dielectric  substrate.  For  310  GHz  holograms,  the  substrate  was  75 
pm  thick  Mylar  with  17  pm  thick  copper  layer.  Photomasks  were  used  for  selective 
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exposure  of  the  photosensitive  resist.  The  copper  was  removed  from  the  slots  by  chemical 
wet  etching. 

The  maximum  manufacturable  pattern  size  can  be  increased  with  so-called  stepwize 
exposure,  where  a rectangular  area  is  exposed  with  a photomask  and  another  photomask  is 
then  joined  to  the  previous  photomask.  The  pattern  length  can  be  increased  by  joining 
several  masks  to  form  several  meters  long  pattern  strips  with  fixed  width  (600-900  mm). 
These  strips  could  be  then  joined  to  form  a large  hologram.  The  joining  of  the  photomasks 
reduces  achievable  overall  pattern  accuracy  because  of  the  potential  misaligning  of  the 
photomasks.  Photomask  distortions  may  also  occur  when  large  masks  are  used. 

The  hologram  pattern  can  also  be  written  directly  to  the  photosensitive  resist  with  a laser. 
The  metallization  is  chemically  etched  after  the  laser  exposure.  The  direct  laser  writing  of 
the  pattern  is  currently  seen  as  the  most  interesting  manufacturing  technique  for  large 
submillimeter  wave  holograms.  Patterns  up  to  1.5  m x 6 m can  be  manufactured  in  a single 
piece  with  line  widths  down  to  40  Jim. 

To  realize  large  holograms  up  to  3-4  meters  in  diameter,  the  holograms  have  to  be  joined 
from  several  separately  manufactured  pieces  or  custom  made  large-sized  special 
equipment  has  to  be  used.  Taping  and  glueing  have  been  investigated  as  potential  joining 
methods  of  hologram  pieces.  A seam  causes  a discontinuity  to  the  hologram  pattern  and 
acts  as  a diffraction  source.  The  effect  of  horizontal  and  vertical  tape  strips  and  seams 
were  tested  with  30  cm  diameter  test  holograms.  The  quiet-zone  was  scanned  in  vertical 
direction  in  case  of  the  horizontal  tape,  and  vice  versa.  The  tape  was  23  (im  thick  and  5 cm 
wide  mylar  tape  by  Scotch.  According  to  the  tests,  horizontal  seams  perpendicular  to  the 
hologram  slots  and  to  the  used  polarization  affect  the  hologram  quiet-zone  the  least. 
Therefore,  the  hologram  should  be  formed  by  joining  long  horizontal  strips.  Measured 
effect  of  vertical  and  horizontal  strips  of  tape  at  the  center  of  the  hologram  are  presented  in 
Figure  6 (the  curves  have  been  shifted  in  vertical  direction  to  avoid  overlapping).  The 
investigation  on  the  joining  techniques  of  hologram  pieces  continues  and  different  glueing 
experiments  will  be  done  to  find  the  most  suitable  joining  method. 
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Figure  6.  Effect  of  horizontal  and  vertical  tape  to  the  hologram  quiet-zone. 

There  are  some  challenges  to  be  met  in  the  manufacturing  of  large  submillimeter  wave 
holograms.  The  required  hologram  size  cannot  be  realised  without  joining  several 
hologram  pieces  together,  which  reduces  the  achievable  pattern  accuracy  and  the 
operational  frequency  range  of  the  hologram  CATR.  The  tapering  of  slots  to  avoid  edge 
diffraction  leads  to  very  narrow  slots  at  the  edges  of  the  hologram.  These  narrow  slots  are 
difficult  to  etch. 

DUAL  REFLECTOR  FEED  SYSTEM  FOR  HOLOGRAM  CATR 

The  needed  tapering  of  the  slots  can  be  reduced  by  modifying  the  electromagnetic  field 
that  illuminates  the  hologram.  Narrow  slots  are  difficult  to  manufacture  and  the  narrow 
slots  increase  the  polarization  sensitivity  of  the  hologram.  Furthermore,  by  modifying  the 
hologram  illumination  the  hologram  size  efficiency,  i.e.,  the  relative  size  of  the  quiet-zone 
compared  to  the  hologram,  can  also  be  increased.  The  hologram  illumination  can  be 
modified  by  using  a dual  reflector  feed  system  (DRFS). 

The  DRFS  modifies  the  radiated  field  of  a feed  hom  both  in  amplitude  and  phase.  The 
reflectors  are  shaped  non-classical  surfaces,  that  have  to  be  determined  numerically.  The 
basic  configuration  of  the  DRFS  is  shown  in  Figure  7.  The  reflectors  have  elliptical  rims 
and  the  surface  shape  is  hyperbolical  type  with  a focal  point  behind  the  reflectors.  The 
sizes  of  the  reflectors  needed  for  the  modified  hologram  illumination  are  approximately 
20-25  % of  the  hologram  diameter.  The  reflector  surfaces  can  be  determined  with 
geometrical  optics  (GO)  based  reflector  antenna  synthesis  from  the  feed  hom  radiation 
pattern  and  from  the  desired  hologram  illumination  [4].  Ray-tracing  based  GO  synthesis 
software  is  currently  being  developed. 
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Figure  7.  Hologram  CATR  with  a dual  reflector  feed  system. 

The  main  advantages  gained  by  introducing  a DRFS  to  the  hologram  CATR  are  the 
increased  relative  quiet-zone  size  and  the  reduced  need  for  narrow  slots  at  the  edges  of  the 
hologram  pattern.  The  spill-over  of  the  feed  system  is  also  slightly  decreased,  which 
increases  the  dynamic  range  of  the  CATR.  Also,  the  cross-polarization  level  of  the 
hologram  CATR  will  be  slightly  decreased,  because  the  hologram  effective  focal  length 
can  be  increased.  The  increased  focal  length  results  to  less  curved  slots,  which  reduces 
cross-polarization  caused  by  the  hologram.  In  Figure  8,  the  simulation  results  for  a 60  cm 
hologram  are  presented.  For  example,  with  a third  order  Butterworth-type  flat  illumination 
with  amplitude  taper  of  -7  dB  at  the  hologram  edges,  the  quiet-zone  diameter  of  a 60  cm 
hologram  increases  by  a third  compared  to  a hologram  illuminated  directly  with  a feed 
hom. 
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Amplitude  in  the  quiet-zone 


Phase  in  the  quiet-zone 


Figure  8.  The  increase  in  the  quiet-zone  size  with  modified  hologram  illumination. 


The  improved  hologram  illumination  by  the  DRFS  also  simplifies  the  hologram 
manufacturing  by  widening  the  slots  near  the  hologram  edges.  The  hologram  pattern  slot 
spacings  and  widths  with  a simple  Gaussian  illumination,  and  with  a more  optimized 
illumination  are  presented  in  Figure  9.  The  main  disadvantages  of  introducing  a DRFS  to 
the  hologram  CATR  are  the  increased  cost  of  the  CATR  and  the  cross-polarization  caused 
by  the  reflectors  itself  in  the  DRFS. 


Slots  on  the  hologram  when  illuminated  with  a horn  antenna  Slots  on  the  hologram  with  modified  illumination 


slot  number  slot  number 


Figure  9.  Hologram  slot  separations  and  widths  with  Gaussian  and  modified  illumination. 
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CONCLUSIONS 

The  hologram  CATR  is  a potential  method  for  testing  large  submillimeter  wave  satellite 
antennas.  The  feasibility  of  the  CATR  has  been  demonstrated  with  quiet-zone  testing  of  a 
60  cm  diameter  hologram  for  310  GHz.  Progress  in  the  hologram  manufacturing  is 
presented  here,  but  some  manufacturing  challenges  still  have  to  be  met  before  practical 
large-sized  compact  antenna  ranges  based  on  the  hologram  can  be  realized.  The  continuing 
research  on  the  hologram  manufacturing  has  been  presented.  The  hologram  performance 
and  the  manufacturability  of  the  hologram  can  be  improved  with  a dual  reflector  feed 
system  (DRFS).  The  DRFS  modifies  the  hologram  illumination,  which  increases  the 
achievable  quiet-zone  size  of  the  hologram.  The  reflectors  of  the  DRFS  are  shaped  non- 
classical  surfaces.  The  surfaces  can  be  determined  with  geometrical  optics  based  reflector 
synthesis. 
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Abstract.  Experimental  results  are  presented  on  the  specular  and  diffuse  reflectance 
(BRDF)  of  a variety  of  surfaces  that  can  be  used  to  absorb  sub-millimeter  radiation. 
Although  the  emphasis  of  this  study  is  on  the  development  and  optical 
characterization  of  black  absorbing  coatings,  intended  for  use  in  the  spectrometers 
aboard  the  FIRST  satellite,  also  some  convenient  materials  for  laboratory  use  are 
discussed.  The  here  presented  data  have  been  collected  room  temperature 

Introduction.  The  optical  properties  of  the  coatings  have  been  studied  in  the  0.1  - 0.9 
mm  wavelength  region  in  order  to  comply  with  the  wavelength  bands  covered  by  the 
HIFI  and  PACS  spectrometers.  Optical  characterization  has  been  performed  using 
monochromatic  light  at  selected  wavelengths  across  the  100-900  micron  wavelength 
region.  (96.5pm,  1 18.8pm,  184.3pm,  496pm  and  889pm)  created  by  an  optically 
pumped  far-infrared  laser. 


Fig.l  Experimental  set-up 


Fig.2  Angular  relations  in  the  optical  plane 
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Measurements  on  samples  for  a range  of  directions  of  incident  and  reflected  light  and 
for  different  polarization  directions  have  been  done.  The  influence  of  variations  in 
shape  and  intensity  of  the  laser  beam  has  been  eliminated  by  comparing  all  samples 
with  reference  samples  that  have  been  characterized  accurately.  Experiments  have 
been  performed  at  room  temperature,  employing  the  experimental  setup  shown  in  Fig. 
1.  In  Fig.  2 the  definition  of  various  angles  in  the  optical  plane  is  given.  The  Bi- 
directional Reflectance  Distribution  Function  (BRDF),  used  to  describe  the  scattering 
properties  of  surfaces,  is  defined  as  the  reflectance  per  unit  projected  detector  solid 
angle  as  a function  of  the  azimuthal  coordinates  0 and  <J).  It  is  given  in  units  of  inverse 
steradians  (sr_l)  and  is  usually  measured  in  the  plane  of  incidence  (tj>=  1 80°)  versus 
the  non-specular  angle  A0, 


BRDF{ Ad,Z,0i)= 


I ° (A 

P0{A.,Gi)Q.  cosOs 


Here  Ps  is  the  power,  diffusely  scattered  by  the  surface,  in  the  direction  0S,  and  P0  the 
total  incoming  optical  power  at  the  sample.  The  factor  £2cos0s  (in  general  £2  = 8x1  O'3 
sr  in  our  experimental  set-up)  is  the  projected  detector  solid  angle.  For  a non- 
absorbing perfect  diffuse  scatterer,  a so-called  Lambertian  surface,  the  BRDF  is 
independent  of  direction  and  equals  7i  '.  A reference  sample  basically  consists  of  a 
gold-coated  rough  surface,  acting  as  a near  Lambertian  reflector,  accurately  calibrated 
against  the  total  reflection  of  a gold-coated  mirror. 

The  near  Gaussian  like  sub-millimeter  beam  is  shaped  such  that  the  waist  (with  a 1/e2 
diameter  of  10-15  mm)  is  situated  at  the  sample  surface  in  to  assure  a well-defined 
angle  of  incidence  of  the  light.  To  average  out  the  effects  of  the  non-perfect  “random 
roughness”  of  the  coating  surfaces,  especially  important  for  very  rough  surfaces,  the 
samples  are  rotated  around  their  surface  normal  at  a speed  of  about  300  rpm.  The 
scattered  light  is  detected  with  a (room  temperature)  2 mm  diameter  pyroelectric 
detector  (Eltec)  with  homemade  sensitive  read-out  electronics  [1]. 


Experimental  results. 

Commercial  absorbers.  To  allow  for  a comparison  with  the  coatings  developed  for 
FIRST,  we  have  also  studied  the  scattering  characteristics  of  two  commercially 
available  materials  used  as  (sub-)  millimeter  absorbers.  Marconi  LAO  5,  a carbon 
loaded  soft  open  foam  microwave  absorber,  and  (Tessalating  Terahertz)  RAM  from 
Thomas  Keating  Ltd.,  injection  molded  25mm  squares  with  sharp  pyramidal  surface 
formed  in  conducting  plastic.  In  Fig.  3 the  specular  reflection  of  both  samples  is 
shown  at  4 different  wavelengths;  the  reflection  increases  with  increasing  wavelength 
and  angle  of  incidence.  In  Fig.  4 the  BRDF  of  LAO  5 is  shown  for  3 wavelengths.  Its 
value  is  seen  to  increase  again  with  wavelength  and  angle  of  incidence.  Evidence  of 
specular  reflection  is  observed,  that  is,  a peak  develops  for  A0  = 0.  The  BRDF  value 
of  0.02-0.04  means  a Total  Hemispherical  Reflection  (THR)  of  6-12%  (-12-  -9  dB). 
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Fig.  3.  Specular  reflection  of  RAM  and  LAO  5 Figure  4.  BRDF  of  LAO  5 


Fig.  5 BRDF  of  RAM  at  1 1 8pm  Fig.  6 BRDF  of  RAM 


The  BRDF  data  of  RAM  in  Fig.5  and  6 show,  in  contrast  to  those  of  LAO  5,  sharp 
peaks  in  the  angular  dependence.  These  reflections  result  from  the  regular  lxl  mm2 
structure  of  the  sharp  needles  at  the  surface  that  acts  as  a reflection  grating.  These 
grating  reflections  are  observed  only  when  the  optical  plane  is  parallel  to  the  needle 
rows.  For  other  directions,  or  if  the  sample  is  rotated  around  it’s  surface  normal,  these 
peaks  disappear,  and  quite  a low  BRDF  value  is  observed,  resulting  in  a THR  of  about 
-20dB.  This  grating  effect  is  similar  to  that  observed  for  the  pyramidal  structured 
absorber  reported  earlier  [2]. 

2.  MPI  coatings  for  PACS 

In  the  table,  the  different  coatings  developed  by  MPI  are  given.  They  are  fabricated  on 
an  Aluminium  substrate,  first  coated  with  a thin  layer  of  Nextel  Primer  (5523:5524; 
10:1)  diluted  with  Nextel  Thinner  8061,  and  then  coated  with  either  DeSoto  Gunship 
Black  (828X310:910X376;  1:1)  or  Nextel  Suede  Coating  (3101:6018;  8:1).  Part  of 
the  samples  also  contains  100pm  size  SiC  grains  that  have  been  applied  immediately 
after  the  DeSoto  or  Suede  coating.  The  samples  have  been  dried  at  60°C  for  1 hour. 
(In  view  of  the  thickness  of  MPI  10,  possibly  the  last  two  layers  are  absent.) 
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Sample 

Thickness 

Layer  sequence 

MPI  3 

0.15  mm 

Primer-Suede-Suede 

MPI4 

0.20  mm 

Primer-Suede-Suede-Suede 

MPI  9 

0.50  mm 

Primer-Suede-Sic  grains-Suede 

MPI  10' 

0.55  mm 

Primer-Suede-Sic  grains-Suede-  Suede-Suede 

MPI  7 

0.15  mm 

Primer-DeSoto-DeSoto 

MPI  8 

0.20  mm 

Primer-DeSoto-DeSoto-DeSoto 

MPI  5 

0.50  mm 

Primer-DeSoto-SiCgrains-DeSoto 

MPI  6 

0.90  mm 

Primer-DeSoto-SiCgrains-DeSoto-SiCgrains-DeSoto 

The  data  on  specular  reflection  in  Fig.’s  7 and  8 clearly  demonstrate  the  influence  of 
the  SiC  grains  on  the  scattering  properties;  their  presence  is  crucial  to  suppress  the 
specular  reflection.  Although  the  SiC  itself  does  not  contribute  to  the  absorption,  it 
causes  multiple  reflections  at  the  rough  surface  and  inside  the  layer,  and  thereby 
increases  the  effective  absorption. 
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The  experimental  data  in  Fig.’s  7-10  indicate  that  both  specular  reflection  and  BRDF 
increase  with  wavelength,  angle  of  incidence  and  diminishing  surface  roughness  and 
thickness.  The  Suede  samples  show  slightly  better  absorbing  characteristics,  possibly 
due  to  a larger  absorption  coefficient  (see  later).  The  approximate  value  of  the  BRDF 
of  the  SiC  loaded  coatings  is  0.02  sr'1,  corresponding  to  a THR  of  about  6%  ( -12dB) 
Further  developments  of  these  coatings  are  in  progress. 

3.  Delft/SRON  coatings  for  HIFI 

Also  these  coatings  have  been  fabricated  on  Aluminium  substrates.  First  a thin  layer 
of  Stycast  2850  FT  + 24  LV  Catalyst  is  applied  and  subsequently  a mixture  of  Stycast 
2850  FT  + 24  LV  Catalyst  and  SiC  grains  of  various  sizes.  The  samples  are  then  dried 
for  2 hours  at  60°  C.  Coatings  have  been  made  with  SiC  grain  sizes  of  125pm,  250 
pm,  500  pm,  750  pm  and  1000  pm  respectively.  Because  of  the  much  longer  upper 
wavelength  of  HIFI,  these  coatings  have  been  studied  for  wavelengths  up  to  889  pm. 


Angie  of  Incidence  0) 


Fig.  11  Specular  reflection  at  1 18  pm 


Fig.  12  Specular  reflection  at  184  pm 


Similar  to  the  findings  for  the  MPI  coatings,  also  for  this  series  of  coatings  the 
specular  reflection  increases  with  increasing  wavelength,  angle  of  incidence  and 
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diminishing  surface  roughness,  as  is  clearly  visible  in  Fig.'s  11-14.  Therefore,  to 
ensure  a minimum  (specular)  reflection  at  the  longest  wavelength,  the  coating 
containing  1000  pm  SiC  grains  is  preferable.  Properties  of  that  coating  are: 

Optimum  weight  ratio  Stycast/SiC  1 :4 

Coating  thickness  2.3  (3)  mm 

Mass  of  coating  (ex  substrate)  0.34  (3)  gram/cm2 


This  intimate  relation  between  scattering  intensity,  wavelength  and  surface  roughness 
is  also  observed  in  the  BRDF  data.  A concise  summary  of  those  data  is  shown  in 
Fig.’s  15-18,  with  emphasis  on  the  properties  of  the  1000  pm  SiC  coating. 


Fig.  15  BRDF  of  Stycast/SiC  samples  at  1 1 8pm  Fig.  16.  BRDF  of  1000  pm  sample  at 

3 wavelengths 


Fig.  17  BRDF  of  Stycast/SiC  samples  at  496  pm  Fig.  18  BRDF  of  Stycast/SiC  at  889  pm 

The  nearly  wavelength,  polarization  [2]  and  directional  independent  - value  of  the 
BRDF  (also  for  out  of  plane  scattering  [2])  of  this  coating  is  about  0.02.  That  means  a 
THR  of  6%,  i.e.  -12dB.  This  number  agrees  very  well  with  the  measured  emissivity  e 
= 0.93(2)  at  A.  = 435  pm  and  T = 70K  [2], 
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The  disadvantage  of  this  very  rough  surface  however  is  two-fold.  First  of  all,  because 
of  the  large  grain  size,  the  coating  layer  is  rather  thick.  Secondly,  in  those  cases  where 
the  optical  beam  has  a relatively  small  waist  at  the  coating  surface,  the  scattering  is 
observed  to  be  not  random  anymore,  due  to  the  limited  number  of  SiC  grains  (size  ~ 
1mm!)  within  the  illuminated  area.  Strongly  angular  dependent  variations,  up  to  a 
factor  5,  in  the  reflected  intensity  have  been  observed.  In  order  to  measure  a 
representative  and  reproducible  value  for  the  BRDF,  the  samples  have  to  be  rotated 
around  their  surface  normal  to  measure  an  “averaged”  reflection  signal.  For  critical 
applications,  such  as  beam  dumps,  these  unpredictable  variations  may  be  harmful. 
Therefore,  in  the  near  future  it  will  be  investigated  whether  the  coating  with  500pm 
SiC  grains,  which  shows  this  effect  much  less,  can  serve,  after  further  optimization,  as 
an  alternative. 

Absorption  coefficients.  The  wavelength  dependent  absorption  coefficients  of  some 
of  the  materials  used  for  the  coatings  discussed  in  this  paper  have  been  derived  from 
transmission  through  thin  layers,  not  loaded  with  SiC  grains.  In  the  table  the  values 
are  given  in  cm’1.  Those  for  DeSoto  and  Suede  have  been  estimated  from  reflection 
data  on  unloaded  samples. 


Material 

BOSH 

184  pm 

496  pm 

889  pm 

Stycast  2850FT 

89 

41 

11.5 

7.8 

DeSoto 

65 

45 

Suede 

100 

70 

RAM 

100 

62 

22 

19 

Table:  Absorption  coefficients^m*1) 

The  increase  of  absorption  coefficient  with  decreasing  wavelength  is  in  accordance 
with  data  reported  by  Halpem  et  al  [3]  on  Stycast  2850FT  for  wavelengths  above  300 
pm  , although  their  values  are  somewhat  lower  than  ours.  It  is  interesting  to  observe 
that  the  large  decrease  of  the  absorption  coefficient  from  118  pm  towards  889  pm 
does  not  lead  to  a similar  increase  of  the  BRDF  values  of  the  Stycast/SiC  (1000pm) 
sample.  It  should  be  mentioned  that  the  SiC  crystalline  grains  only  show  an 
absorption  band  near  a wavelength  of  12  pm;  in  the  sub-millimeter  range  no 
absorption  occurs.  The  nearly  wavelength  independent  BRDF  value  shows  that  the 
absorption  processes  in  such  a rough  layer  is  due  to  a complicated  interplay  between 
absorption  of  the  binder  material  and  scattering  of  the  grains.  In  the  very  near  future 
the  scattering  properties  of  these  coatings  at  cryogenic  temperatures  will  be  studied. 
In  view  of  the  small  sensitivity  of  the  BRDF  for  changes  in  the  absorption  coefficient, 
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it  is  expected  that  the  decrease  of  the  absorption  coefficient  towards  low  temperature, 
as  reported  in  [3],  will  not  strongly  influence  the  BRDF  values. 

Qualification  test  First  qualification  tests  of  the  1000pm  SiC  coating  have  been 
performed  at  SRON;  these  included: 

• Thermal  shock:  cool-down  from  294  K to  88  K in  15  min  + subsequent  heating  to 
300  K 

• Thermal  cycling:  5x  cool-down  from  290  K to  88  K in  60  min  + increase  of 
temperature  gradient  by  attaching  conducting  straps  to  the  sample 

• Extended  bake  out:  T = 80  C at  p < lmbar  for  48  hours. 

• Vibration  test:  T = 70  K perpendicular  to  surface;  random  and  sinus  up  to  g=30 

In  all  cases,  no  flakes  or  loose  grains,  no  blistering  coating,  no  bending  of  sample  and 
no  colour  changes  were  observed.  The  adhesion  test  gives  an  averaged  tensile  strength 
of  14.6N/mm2,  not  influenced  by  the  above  mentioned  treatments. 

Still  to  be  performed:  out  gassing  and  influence  of  treatments  on  optical  properties. 

Possible  surfaces  for  a black  body  calibration  source.  Requirements  for  a black  body 
calibration  source  for  HIFI  are:  2 cm2  emission  area  at  T = 100K  with  a maximum 
electric  power  of  2 mW.  The  emitting  surface  must  have  an  optimum  emissivity  and  a 
minimum  temperature  gradient. 

Following  the  results  of  study  of  the  optical  properties  of  various  types  of  absorbing 
surfaces,  so  far  three  types  of  surfaces  could  qualify. 

1.  A standard  SiC/Stycast  coating  on  an  Aluminium  substrate. 

The  heater  and  temperature  sensor(s)  can  be  placed  on  the  back  side  of  the  A1 
substrate. 

For  the  1000pm  SiC  coating  surface  at  T = 77K  and  X = 435  pm,  the  emissivity 
e=0.93;  emissivities  of  the  250  pm  and  500  pm  coating  are  expected  to  be  about  the 
same. 

Further  specifications  for  the  1000  pm  coating  at  T = 100K  are: 

Mass  (excluding  the  A1  substrate) : 0.34  gram/cm2. 

Heat  capacity:  43  mJ/cm2K 

Thermal  conductivity:  (low  purity)  SiC  : 1 W/cmK 

Aluminium:  3 W/cmK 

Stycast  2850  FT:  0.014W/cmK  @300K 

2.  Aluminium  foam  (ERG  Materials  and  Aerospace  Corp.,  Oakland,  CA,  USA). 

40  pores  per  inch  (ppi)  coated  with  Stycast  2850  FT  + 24  LV  Catalyst. 

In  Figure  19  the  BRDF  data  of  this  surface  at  X = 496  pm  are  given.  From  the  average 
BRDF  of  about  0.06  an  emissivity  of  approximately  0.80  is  calculated.  The  advantage 
of  this  material  is  that  only  1 cm2  is  needed  because  both  sides  will  emit  equally  well. 
Heater  and  temperature  monitors  could  be  attached  to  an  aluminium  ring  around  the 
(approximately  4 mm  thick)  outer  contour  of  the  surface;  the  excellent  heat 
conduction  of  the  aluminium  grid  will  establish  a good  temperature  homogeneity 
across  the  sample. 
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Moreover  a finite  sub-millimetre  transmission  through  the  sample  is  present. 
Transmission  data  at  different  wavelengths  show  that  the  overall  transmission  of  a 4 
mm  thick  sample  is  in  the  range  of  1%. 

This  finite  transmission  might  be  profitable  in  establishing  a homogeneous  optical 
field  distribution,  if  the  emitter  is  placed  inside  an  integrating  sphere. 


General  properties  of  such  a surface: 
Density  of  foam:  8-10  % 

A1  filament  diameter:  0.1 1 mm 
Mass:  0.29  gram/cm2 
Mass  of  foam  + Stycast:  0.87gram/cm2 
e ~ 0.80  @300K 


§ 

CO 


0.1 


; SiC  60  ppi  + Stycast 
— • — X - 1 18  |im,  0«  10° 

. — ° — X = 496  jim,  8.—  10° 
Aluminium  40  ppi  + Stycast 
— — X = 496  jun,  0=  10" 

. — ° — X * 496  jim,  0 = 50" 


0,01  t 


IE-3  *■ 


Angle  of  reflection  A& 


Fig.  19  B RDF  of  Stycast  coated  foams 


3.  SiC  foam  (ERG),  60  ppi,  with  relative  density  of  12-14%,  coated  with  Stycast  2850 
FT. 


As  can  be  seen  from  the  BRDF  data  in  Figure  19,  the  emissivity  of  this  material  will 
be  quite  the  same  as  found  for  the  SiC/Stycast  home  made  coatings,  i.e.  e ~ 0.93. 
These  samples  with  3.2  mm  thickness,  show  an  sub-millimeter  transmission  of  the 
order  of  < 10  “3.  The  incorporation  of  heater  and  temperature  sensors  in  such  a 
material  however,  might  cause  some  problems. 

The  properties  at  100  K are: 

0.18  gram/cm2 
0.25  gram/cm2 
4 W/cm2K 
1 8 mJ/cm2K 


Mass  of  foam 
Mass  of  foam  + Stycast 
Thermal  conductivity  foam: 
Specific  heat  of  foam 
Specific  heat  foam  + Stycast: 


78  mJ/cm2K 


Conclusions 

A number  of  home  made  absorbing  surfaces  have  been  developed  that  are  suitable  as 
sub-millimeter  absorbers  for  the  spectrometers  aboard  the  FIRST  satellite.  In  order  to 
achieve  a sufficient  suppression  of  the  specular  reflection,  the  absorbing  binder 
materials  such  as  DeSoto,  Suede  or  Stycast  2850FT,  have  to  be  mixed  with  (SiC) 
grains  to  produce  a rough  surface. 

The  size  of  the  SiC  grains  should  be  about  equal  to  the  wavelength  region  of  interest. 
Typical  BRDF  values  are  0.02  sr1  The  corresponding  Total  Hemispherical  Reflection 
equals  6%,  or  -12dB.  Because  of  the  low  specular  reflection  under  non-grazing 
incidence,  the  occurrence  of  standing  wave  patterns  will  be  effectively  cancelled. 


408 


I2'h  International  Symposium  on  Space  Terahertz  Technology 


These  coatings  might  also  be  employed  as  emitting  surfaces  for  black  body  radiation 
sources.  Alternatively,  some  rigid  foam  materials,  coated  with  for  instance  Stycast 
2850FT,  could  also  be  useful  for  that  purpose. 
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Abstract 

Sensitive  radio  receivers  operating  at  frequencies  above  approximately  100  GHz  require  the  use  of 
cryogenic  detectors,  often  SIS  mixers,  cooled  to  liquid  helium  temperatures.  A vacuum  window  is  required 
to  couple  the  radiant  energy  through  the  chamber  walls  to  the  detector  element  with  as  little  loss  as 
possible.  While  seemingly  simple  to  make,  the  optimization  of  windows  for  high  transparency  and  low  leak 
rate  is  a n on-trivial  problem  requiring  the  construction  of  multi-layer  dielectric  structures. 

The  Atacama  Large  Millimeter  Array  (ALMA)  telescope,  to  be  built  in  Chile,  will  require  over  600 
vacuum  windows  covering  ten  frequency  bands.  In  support  of  ALMA  and  its  own  in-house  development 
needs,  NRAO  has  developed  a number  of  crystal  quartz  vacuum  windows  utilizing  Zitex,  Goretex,  Teflon 
and  other  plastic  anti-reflection  coatings  to  improve  the  window's  overall  transmission  within  specific 
bands.  The  design,  fabrication  details  and  testing  of  some  of  these  windows  are  discussed. 

Introduction 

For  many  years,  NRAO  has  used  plastic  film  vacuum  windows  on  its  millimeter- wave  receivers  [1  ]. 
The  most  recent  version  of  this  window  has  the  plastic  film  vacuum  barrier  supported  by  a 0.1 25M-thick 
sheet  of  open-cell  expanded  PTFE.  Such  windows  offer  very  low  absorption  over  a very  wide  frequency 
range,  but  are  easily  damaged  and  have  a significant  leak  rate  for  air,  water  vapor,  and  helium.  Cryogenic 
receivers  using  similar  windows  on  the  12  Meter  Telescope  became  noticeably  less  sensitive  after  one  or 
two  months  of  continuous  operation,  and  required  periodic  warming  up  and  evacuation  to  remove 
condensed  air  and  water.  The  high  permeability  to  helium  precludes  the  use  of  a helium  leak  detector  on 
receivers  with  such  windows.  For  these  reasons,  plastic  film  vacuum  windows  are  considered 
inappropriate  for  use  on  ALMA  receivers. 

To  develop  a more  robust  window  with  negligible  air  or  helium  leakage,  we  decided  in  1996  to  explore 
the  use  of  crystal  quartz  with  various  a nti -reflection  layers  to  reduce  the  insertion  loss  within  a desired 
frequency  band.  This  report  describes  the  design  and  construction  of  several  crystal  quartz  multi-layer 
windows.  Some  of  these  windows  are  now  in  use  in  VLBA  receivers,  and  others  are  intended  for  use  in 
receivers  for  testing  the  ALMA  antennas  and  for  production  testing  of  SIS  mixers  for  ALMA. 


The  Choice  of  Crystal  Quartz 

Crystal ine  quartz  has  very  low  loss  at  millimeter  wavelengths  and  high  physical  strength  [2-6].  The  z- 
orientation  was  selected  to  minimize  the  effects  of  birefringence  and  so  have  minimal  effect  on  the 


* The  National  Radio  Astronomy  Observatory  is  a facility  of  the  National  Science  Foundation  operated 
under  cooperative  agreement  by  Associated  Universities,  Inc. 
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polarization  of  the  incoming  beam.  With  optically  polished  surfaces,  a quartz  window  can  be  sealed  to  the 
cryostat  using  a standard  o-ring.  The  minimum  thickness  of  the  quartz  plate  is  determined  by  the  desired 
clear  aperture  of  the  window  and  the  safety  factor,  as  described  in  Appendix  1 . However,  the  relatively 
high  dielectric  constant,  Er=  4.45  [2-6],  causes  large  interference  fringes  to  be  generated  so  a quartz 
window  requires  matching  layers  to  reduce  the  insertion  loss.  For  narrow-band  operation,  a quarter- wave 
layer  is  needed  with  ^ = (e^  qUanz)0'5-  To  achieve  wider  bandwidth,  multiple  matching  layers  can  be  used  if 
it  is  possible  to  find  materials  with  the  desired  dielectric  constant  and  low  loss.  The  three-  and  five-layer 
windows  described  below  use  PTFE,  high  density  polyethylene  (HDPE),  and  expanded  PTFE  as  matching 
layers. 

Three-Layer  PTFE/Z-Quartz/PTFE  Window 

The  three- layer  Teflon/z-Quartz/Teflon  windows  described  here  are  currently  in  use  on  the  VLB  A 
receivers  for  the  80-96  GHz  band.  These  windows  consist  of  a z-cut  crystal  quartz  plate,  0.2260"  thick,  as 
determined  by  the  desired  3 .5"  clear  aperture  as  shown  in  Figure  7 of  Appendix  1.  Each  face  is  covered 
with  a Teflon  layer  0.0220"  thick.  Teflon,  with  a dielectric  c onstant  of  2.1  [7],  is  a nearly  Ideal  anti- 
reflection  layer.  The  construction  is  described  in  Appendix  2. 

The  goal  was  to  keep  the  return  loss  of  the  window  >20  dB  and  the  absorption  loss  < 0.05  dB,  for  a 
total  insertion  loss  <0.1  dB,  over  the  widest  possible  range  within  the  WR-10  waveguide  band  (75-110 
GHz),  including  the  80-96  GHz  VLB  A band.  Note  that  a window  at  room  temperature  with  an  insertion 
loss  of  0.1  dB  adds  approximately  7 K to  the  noise  temperature  of  a low  noise  receiver,  assuming  all  power 
entering  the  receiver  by  reflection  or  scattering  from  the  window  originates  at  room  temperature.  The 
microwave  circuit  analysis  program  MMJCAD  [8]  was  used  to  simulate  the  window  and  optimize  the 
thickness  of  Teflon  and  quartz  for  maximum  transmission  within  the  desired  band.  The  resulting  design 
allows  machining  errors  of  ±0.0002"  in  the  Teflon  thickness  without  compromising  the  window 
specifications.  A model  calculation  is  shown  in  Figure  1. 


Frequency  [GHZ] 

Figure  1.  MMICAD  model  of  a Teflon  / quartz  / Teflon  window  for  the  VLBA.  Upper  trace  is  insertion  loss  (right  scale), 
and  lower  curve  is  reflection  coefficient.  Markers  denote  the  edges  of  the  80-96  GHz  VLBA  band.  Adjacent  lines  show  the 
effect  of  changing  the  Teflon  thickness  by  ±0.0002",  indicating  the  design  tolerance  to  machining  errors.  Absorption  of  the 
glue  is  included. 
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The  calculations  in  all  of  the  figures  shown  here  include  the  attenuation  due  to  approximately  0.0002" 
of  EpoTek  301-2  epoxy  used  to  bond  the  plastic  to  the  quartz  (see  Appendix  4).  Optical  properties  of  the 
glue  were  measured  on  a Fourier  Transform  Infrared  Spectrometer  (FTS)  from  300  GHz  to  approximately  1 
THz  and  extrapolated  to  lower  frequencies  [9].  The  dielectric  constant  of  the  epoxy  is  2.8,  and  the 
attenuation  is  best  fit  by  the  expression 

a (dB  / m)  “ 2. 1 0 f + 0.0057  If2,...  where  f is  the  frequency  in  GHz. 


Measurements  of  the  loss  of  a window  with  useful  frequency  resolution  and  amplitude  accuracy  are 
very  difficult  to  obtain  at  millimeter  wavelengths.  Short  of  measuring  the  window  one  frequency  at  a time 
in  front  of  a low-noise  receiver,  the  best  results  have  been  obtained  with  a time-domain-gated  vector 
network  analyzer,  as  described  in  [ 10].  Results  are  shown  in  Figure  2 with  the  model  calculation  for 
comparison.  Attenuation  of  the  quartz  and  Teflon  were  taken  from  [2]  and  [7].  Within  the  ±0.1  dB 
accuracy  of  the  measurements,  the  window  performs  as  predicted.  The  quartz  for  this  window  was 
0.22590”  thick,  and  the  Teflon  faces  were  0.0220”  thick. 


Frequency  [GHZ] 

Figure  2.  Predicted  reflection  coefficient  and  insertion  loss  of  VLBA  window  MSN6,”  along  with  actual  performance  recorded 
on  the  HP  8510  network  analyzer,  as  described  in  [I0|. 


The  first  three-layer  windows  had  the  Teflon  AR  layers  completely  covering  both  faces  of  the  quartz. 
The  vacuum  seal  was  made  by  an  o-ring  in  contact  with  the  machined  Teflon.  Reports  from  the  VLBA  in 
February  2000  indicated  that  the  windows  had  good  vacuum  integrity  when  delivered,  but  after  six  months 
to  a year  began  to  leak,  sometimes  significantly.  Turned  over  in  their  frames,  the  windows  again  worked 
initially,  but  eventually  began  to  leak  again.  It  was  determined  that  the  leaks  were  due  to  the  roughness  of 
the  machined  Teflon  surfaces;  apparently  vacuum  grease  would  allow  a good  seal  at  first,  but  would 
gradually  flow  under  pressure,  opening  small  leaks.  To  remedy  the  problem,  0.55”  was  removed  from  the 
diameter  of  the  Teflon,  leaving  the  quartz  exposed  in  a 0.275”  ring  at  the  edge  of  the  window.  The  quartz 
produces  a superior  seal  against  the  o-ring,  as  verified  with  a helium  leak  detector. 
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ALMA  Evaluation  Receiver 


A three-layer  window  has  recently  been  completed  for  86-100  GHz  to  be  used  in  the  ALMA  antenna 
test  receiver.  The  window  consists  of  a 0.226"  thick  quartz  plate,  3.75"  in  diameter,  faced  with  Teflon 
sheets,  0.023"  thick.  The  performance  of  this  window,  as  measured  on  the  HP  8510  network  analyzer,  is 
shown  in  Figure  3 and  compared  with  the  model  calculations.  Note  that  the  bandwidth  exceeds  the 
requirements  of  the  evaluation  receiver,  but  not  that  of  ALMA  band  3 (89-116  GHz1).  In  order  to  cover  the 
ALMA  bands,  additional  matching  layers  are  required. 


Frequency  [GHZ] 


Figure  3.  Simulated  and  measured  results  for  a three-layer  Teflon  / quartz  / Teflon  window  for  the  ALMA  evaluation 
receiver  band  3 (86-100  GHz).  The  quartz  is  0.2265"  thick.  Teflon  AR  layers  are  0.0214"  and  0.0226"  thick,  the  latter  having 
been  made  thicker  to  compensate  for  a thinner  than  desired  layer  1.  The  premature  increase  in  measured  absorption  above 
approximately  100  GHz  may  be  instrumental. 


Five-Layer  Expanded  PTFE/HDPE/Z-Quartz/HDPE/Expanded  PTFE  Window 

For  the  relatively  wide  band  widths  of  ALMA  receivers,  three-layer  windows  are  insufficient  to  cover 
the  full  band  and  a five-layer  design  is  required.  The  original  five-layer  designs  at  NRAO  were  for  the 
proposed  4-beam  3-millimeter  receiver  for  the  12  Meter  Telescope,  before  it  was  decommissioned.  These 
windows  were  to  cover  86-116  GHz  with  <0.05  dB  insertion  loss  and  >20  dB  return  loss  at  the  band  edges. 
Few  materials  have  suitable  dielectric  constant  and  low  loss  for  anti-reflection  layers;  the  best  were  high 

2 

density  polyethylene  (HDPE)  and  Gore  RA7957  Radome  material  , referred  to  here  as  “Goretex”  [11,12]. 
Goretex  is  a pure  expanded  PTFE  (X-PTFE)  open-cell  material  made  by  a proprietary  process.  The  slightly 
more  complicated  procedures  for  constructing  a five-layer  window  are  discussed  in  Appendix  3 and 
network  analyzer  data  are  compared  with  the  model  for  an  ALMA  band  3 window  in  Figure  4. 

1 At  the  time  of  writing,  there  is  a proposal  pending  to  increase  band  3 to  84-1 16  GHz. 

2 There  was  considerable  difficulty  in  obtaining  Goretex  in  the  appropriate  thickness  and  there  is  some 
question  as  to  whether  it  will  be  available  from  the  manufacturer  in  the  future.  See  [12]  for  more  details  on 
this  material. 


413 


12th  International  Symposium  on  Space  Terahertz  Technology > 


Frequency  [GHZ] 

Figure  4.  A five-layer  window  design  for  the  ALMA  89-116  GHz  band,  utilizing  Expanded  PTFE  / Polyethylene  / Quartz 
Polyethylene  / Expanded  PTFE.  The  expanded  PTFE  is  Goretex  RA7957,  as  described  In  the  text.  Thickness  of  layers  are 
indicated  in  the  figure. 


/ 


Discussion 

As  designs  for  new  quartz  vacuum  windows  progress  towards  higher  frequencies,  Goretex  RA7957 
becomes  unsuitable  as  the  outer  layer  for  the  five-layer  windows  as  it  is  not  available  in  thickness  of  less 
than  0.020",  precluding  its  use  above  approximately  200  GHz  [1 2],  Fortunately,  a similar  expanded  PTFE 
material,  known  as  Zitex-G,  has  been  identified  as  a good  candidate  replacement  [13].  Using  methods 
similar  to  those  described  in  [ 1 2],  the  dielectric  constant  of  Zitex  G has  been  found  to  be  1 .45,  sli  ghtly 
higher  than  that  of  Goretex.  However,  the  material  is  much  more  mechanically  robust  than  Goretex  and  is 
available  in  sheets  as  thin  as  0.004"  and  up,  in  increments  of  0.002".  Using  Zitex  G-104  (0.004"  thick),  a 
window  has  been  designed  for  the  ALMA  evaluation  receiver’s  210-275  GHz  band,  and  the  model 
performance  is  shown  in  Figure  5. 
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Frequency  [GHZ] 

Figure  5.  A five-layer  window  for  the  ALMA  evaluation  receiver’s  210-275  GHz  band,  utilizing  Zitex  G-104  as  the  outer  AR 
layers.  Zitex  G is  an  expanded  PTFE  material  similar  to  RA7957,  but  available  in  thinner  sheets. 


At  higher  frequencies,  wide  bandwidth  measurements  of  the  window  performance  become  increasingly 
difficult  and  extending  the  network  analyzer  capabilities  to  each  of  the  bands  of  interest  becomes 
prohibitively  expensive.  A workable  solution  may  be  the  use  of  a Fourier  Transform  Spectrometer  (FTS) 
optimized  for  use  at  very  long  wavelengths.  Figure  6 shows  the  MMICAD  model  calculations  and 


0 55  110  165  220  275  330  385  440  495  550  605  660  715  770  625  680  935  990  1045  1100 

Frequency  [GHZ] 


Figure  6.  Calculated  and  measured  performance  of  a Zitex/HDPE/quartz/HDPE/Zitex  window  for  the  90-116  GHz  band. 
Though  the  long  wavelength,  high-resoiution  Fourier  Transform  Spectrometer  was  not  capable  of  measuring  in-band 
performance,  It  does  confirm  the  very  good  agreement  with  the  model. 
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measured  performance  of  a five-layer  window  originally  designed  for  the  90-1 16  GHz  band.  The 
instrument  used  was  Science  T ech  STS-200  FTS,  installed  at  the  National  Synchrotron  Light  Source  at 
Brookhaven  National  Labs  [14].  The  instrument  is  in  theory  capable  of  0.03cm"1  (approximately  I GHz) 
resolution  with  useable  signal  at  frequencies  above  approximately  60  GHz.  Numerous  technical  difficulties 
compromised  the  measurements  of  the  window  at  low  frequencies,  but  the  second  pass  band,  centered 
around  385  GHz,  is  clearly  resolved.  The  data  also  show  very  good  agreement  between  the  modeled  and 
actual  window  performance.  An  improved  instrument  is  expected  to  function  down  to  approximately  60 
GHz,  allowing  verification  of  window  designs  at  higher  frequencies. 

If  the  total  insertion  loss  specification  is  allowed  to  slip  to  0.1  dB,  using  Zitex  G in  the  five-layer 
configuration,  it  is  expected  that  quartz  vacuum  windows  can  be  designed  up  to  at  least  600-720  GHz. 

After  we  had  completed  most  of  this  work,  QMC  instruments  [15]  agreed  to  make  multi-layer  quartz 
windows  to  specification.  Tests  of  these  windows  were  reported  in  [16].  The  performance  of  the  QMC 
windows  was  consistent  with  our  own  measurements. 
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Appendix  1:  Notes  on  Z-Quartz  — Data,  Calculations,  Assumptions 

The  minimum  thickness  of  the  crystal  quartz  windows  was  chosen  to  withstand  a pressure  difference 
of  4 atmospheres,  i.e.,  with  a safety  factor  of  4.  Formulas  for  the  stress  in  loaded  circular  plates  with 
clamped  and  free  rims  are  given  in  [17].  The  tensile  strength  of  z-cut  crystal  quartz  was  taken  as  5400  PSI 
[18].  Figure  7 gives  the  minimum  quartz  thickness  required  to  achieve  a 4 atmospheres  bursting  pressure, 
as  a function  of  the  clear  aperture,  with  clamped  and  free  rims.  Because  the  window  clamping  arrangement 
is  always  somewhat  flexible,  it  is  safest  to  use  the  thicker  quartz  as  required  for  a free  rim. 


0 2 4 6 8 

Clear  Diameter  (in) 


Figure  7.  Minimum  thickness  of  crystal  quartz  required  to  achieve  a 4 atmospheres  bursting  pressure. 


The  quartz  windows  must  have  a diameter  substantially  larger  than  the  clear  aperture  of  the  window  to 
allow  contact  with  a standard  size  o-ring.  According  to  one  supplier,  quartz  crystals  larger  than 
approximately  4.5"  diameter  are  very  difficult  to  obtain.  For  the  VLBA  windows,  having  a diameter  at  the 
o-ring  of  approximately  4",  0.225"  was  chosen  as  the  minimum  thickness  for  the  quartz,  based  on  the 
figure  above.  The  thickness  was  then  increased  using  the  MMICAD  model  as  a guide  to  minimize  the 
effect  of  the  fringing  due  to  the  unmatched  quartz,  and  so  maximize  the  effect  of  the  matching  layers. 

Appendix  2:  Construction  of  the  Three-Layer  PTFE  / Z-Quartz  / PTFE  Window 

Construction  of  the  quartz  vacuum  windows  might  appear  relatively  straightforward,  but  there  are 
many  subtleties  to  the  procedures  that  have  been  worked  out  over  several  years.  For  this  reason,  the 
complete  procedure  is  described  here  in  detail. 

Preparing  the  Quartz: 

Quartz  blanks  were  obtained  from  Boston  Piezo  Optics  (see  Appendi  x 4).  The  blanks,  as  specified, 
vary  in  thickness  by  ± 0.0005"  and  so  must  be  measured  accurately  to  make  adjustments  to  the  Teflon  layer 
thickness  as  required  by  the  model.  Blanks  are  measured  on  a flat  granite  slab  using  an  Ono-Sokki  digital 
micrometer  accurate  to  50  microinches  with  a 0.125"  diameter  flat  foot.  Calibration  was  checked  using 
high  precision  gauge  blocks. 
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After  measuring,  the  quartz  blanks  are  scrubbed  on  one  side  with  a Kimwipe  cloth  soaked  with 
hexanes  to  remove  fingerprints.  If  the  quartz  has  not  been  handled  with  bare  hands,  this  step  can  be 
omitted.  The  quartz  is  next  scrubbed  with  acetone,  using  a Kimwipe,  to  remove  more  organics,  then 
distilled  water  to  remove  the  acetone,  and  isopropyl  alcohol  to  dry  the  surface.  After  blowing  the  surface 
with  clean  nitrogen,  blanks  are  baked  for  1 hour  at  approximately  100  C,  in  a vacuum  oven. 

Preparing  the  Teflon: 

Teflon  sheets  are  obtained  in  pre-etched  form  (see  Appendix  4).  Discs  are  cut  to  approximately  1 " 
larger  diameter  than  the  quartz  blank.  The  bonding  surface,  which  should  be  brown  and  smooth,  is  cleaned 
and  baked  with  the  same  procedure  used  for  the  quartz. 


Preparing  the  Epoxy: 

Epo-Tek  301-2  low-viscosity  epoxy  (Appendix  4)  has  been  found  to  give  the  most  consistent  glue 
layer  with  the  procedure  described  here.  The  layer  is  of  uniform  thickness,  approximately  0.2  mils  thick 
for  the  construction  parameters  given  here,  and  free  of  bubbles  and  voids.  As  described  in  the  epoxy 
instructions,  mix  3.00  g of  part  A and  1.05  g of  part  B in  a small  container.  Components  are  weighed  to  the 
nearest  1 0 mg  on  a digital  balance,  and  part  B is  added  by  syringe  to  facilitate  the  operation. 

Approximately  2 g is  needed  for  one  surface,  but  the  epoxy  should  not  be  mixed  in  quantities  o f less  than 
approximately  4 g.  The  epoxy  is  stirred  by  hand  for  5 minutes,  and  then  vacuum  degassed  for 
approximately  1 hour.  Pot  life  is  well  over  6 hours  at  room  temperature  so  the  epoxy  can  be  left  pumping 
longer  if  desired.  Release  the  vacuum  slowly  to  avoid  trapping  air  in  the  degassed  mixture. 


Glueing  PTFE  to  Quartz: 

Glueing  under  pressure  was  found  to  be  the  best  means  of  achieving  a durable,  bubble- free  glue  line. 

In  order  to  reduce  the  curing  time  to  approximately  12  hours,  the  press  is  heated  to  65  C.  Figure  8 shows  a 
cross  section  of  the  various  components  of  the  press  and  window.  An  aluminum  pressure  distribution  plate 
sits  on  the  foot  of  the  press.  On  top  of  that  lies  a piece  of  pressboard  ceiling  tile  to  serve  as  a thermal 
insulator.  A thin  film  heater  (McMaster  Carr  #35765K143)  lies  between  the  insulator  and  the  bottom  of  the 
window  jig. 


Window  Press 
Components 


Teflon  (protective) 
Quartz  blank 
Teflon  (applied) 


6"  x 6"  heating  pad 


5.25"  x 5.25"  Aluminum  plate 

Ceiling  tile  (insulator) 

Top  of  fig 

Pry  notch  (just  in  case) 
Protective  film 

Base  of  jig 


Figure  8.  Components  of  the  window  press.  In  cross-section. 


A wide  piece  of  plastic  film  (Mylar  or  HR500  film)  protects  the  jig  bottom  from  epoxy  over-spill  and 
the  inside  of  the  jig  is  sprayed  with  a PTFE-based  mold  release  agent.  The  Teflon  sheet  is  placed  glue-side 
up  on  top  of  the  film  and  approximately  2 g of  epoxy  is  poured  out  and  allowed  to  spread  to  about  half  the 
window  diameter.  The  quartz  blank  is  laid  gently  on  top  of  the  epoxy  and  held  centered  while  it  settles.  It 
can  be  pressed  down  to  drive  bubbles  to  the  edge  of  the  epoxy  if  desired  but  this  step  is  generally 
unnecessary,  as  the  bubbles  will  be  completely  squeezed  out  under  pressure.  A spare  piece  of  Teflon  is 
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placed  on  top  of  the  quartz  blank  to  protect  the  surface,  and  the  press  is  closed  with  the  top  of  the  window 
jig,  a piece  of  ceiling  tile  for  thermal  insulation,  and  the  thicker  aluminum  pressure  plate,  in  that  order.  A 
photograph  of  the  assembled  stack  is  shown  in  Figure  9. 


Figure  9.  Photograph  of  the  assembled  window  press.  The  Variac  and  heating  pad  are  used  to  increase  the  temperature  of 
the  jig  and  so  decrease  the  curing  time  of  the  epoxy.  Note  the  thin  film  thermometer  on  the  lower  half  of  the  jig. 

Pressure  is  applied  to  the  air  press  from  a regulator  attached  to  a nitrogen  cylinder  and  must  be 
increased  VERY  SLOWLY  to  avoid  smashing  the  piston  into  the  jig  and  breaking  the  window.  Pressure  is 
raised  slowly  over  the  next  5- 10  minutes  to  allow  the  glue  to  be  squeezed  out  uniformly  before  reaching  the 
final  value  of  16  PSI  at  the  window  surface.  With  a 4.5 "-diameter  quartz  blank  and  the  McMaster  Carr 
#2373A14  press,  the  operating  pressure  corresponds  to  35  PSI  air  at  the  piston. 


419 


12th  International  Symposium  on  Space  Terahertz  Technology 


The  heater  is  turned  on  as  soon  as  the  pressure  has  stabilized,  and  remains  on  for  1 2 hours  (typically 
overnight).  A Variac  was  found  to  be  an  effective  means  of  adjusting  the  temperature.  For  the  90  W 
heaters  described  in  Appendix  4,  a Variac  setting  of  32%  typically  stabilizes  the  jig  temperature  at  65  C 
within  several  hours.  To  aid  in  monitoring  the  temperature,  a liquid -crystal  self-adhesive  thermometer  strip 
is  applied  to  the  lower  half  of  the  jig.  After  at  least  12  hours,  the  Variac  is  turned  off  and  the  jig  allowed  to 
cool  for  at  least  2 hours  before  releasing  the  pressure. 

Trimming  and  Machining  the  Teflon: 

After  removal  from  the  press,  excess  Teflon  is  cut  off  with  heavy  duty  hand  scissors  as  close  to  the 
window  as  the  hardened  epoxy  will  allow.  The  remaining  epoxy  must  be  ground  off.  It  was  found  that 
sanding  the  epoxy  off  on  a belt  sander  can  compromise  the  bond  layer,  and  can  also  cause  chips  at  the  edge 
of  the  quartz  disk.  Instead,  a dedicated  table  router  is  used  to  grind  the  Teflon  and  epoxy  away  with  a 
high-speed  motion  parallel  to  the  window  surfaces.  A standard  alumina  grinding  bit,  with  a lA"  diameter 
shank,  is  mounted  in  place  of  the  router  bit.  The  router  is  additionally  jigged  to  prevent  grinding  the  quartz 
once  all  the  excess  epoxy  is  removed.  The  alumina  grinding  bits  have  little  effect  on  the  crystal  quartz,  but 
can  cause  small  chips  if  the  disk  is  forced. 

Teflon  can  be  machined  on  a lathe  using  a sharp  high-speed  steel  tool.  A vacuum  chuck,  custom  made 
for  a particular  window  diameter,  is  used  to  hold  the  window  securely  in  place.  A facing  cut  is  first  taken 
from  the  face  of  the  chuck,  and  the  digital  gauges  zeroed  on  that  face.  The  quartz  is  wiped  cl  ean  with 
acetone  to  remove  grease  and  debris,  and  placed  on  the  vacuum  chuck  for  cutting.  After  the  final  cut,  the 
window  is  removed  from  the  chuck,  and  the  edges  of  the  Tefl  on  are  beveled  with  a razor  blade.  The 
window  thickness  as  cut  on  the  lathe  is  typically  within  ± 0.2  mils  of  the  desired  thickness.  In  the  event 
that  the  plastic  is  too  thin,  some  compensation  can  be  made  by  increasing  the  thickness  of  the  Teflon  on  the 
opposing  face,  as  determined  by  the  model  calculations  (see,  f or  example,  Figure  3 above). 

Finishing  the  Windows: 

The  second  side  of  the  window  is  completed  just  as  the  first  side.  The  quartz  must  be  cleaned  to 
remove  machine  oil  and  fingerprints,  and  a new  sheet  of  Teflon  is  glued  on.  As  before,  the  Teflon  to  be 
applied  is  placed  in  the  bottom  of  the  jig  to  prevent  epoxy  from  running  onto  the  window,  and  a spare  sheet 
of  Teflon  is  placed  on  top  to  protect  it.  Additional  care  must  be  taken  not  to  scratch  the  finished  surface  of 
the  first  side  during  pressing,  grinding  and  machining. 

After  turning  down  the  second  surface,  an  annulus  of  Teflon  is  cut  away  around  the  perimeter  to 
expose  the  quartz  surface,  which  will  contact  the  o-ring.  This  must  be  done  slowly  and  carefully  to  avoid 
scoring  the  crystal.  It  is  best  to  stop  when  most  of  the  Teflon  has  been  removed,  exposing  the  brownish 
etched  Teflon  just  above  the  epoxy.  At  this  point  the  epoxy  can  be  scraped  off  manually  with  a razor  blade. 
After  a final  degreasing  and  cleaning,  the  window  is  measured  to  confirm  the  total  thickness  and  it  is  ready 
for  testing  (Figure  10). 
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Figure  10.  A nearly  completed  4.5"  diameter,  three-layer  window  for  the  VLBA.  The  outer  surfaces  are  PTFE,  which  has  not 
yet  been  trimmed  for  the  o-ring  seal. 


Appendix  3:  Construction  of  a Five-Layer  X-PTFE  / HDPE  / Z-Quartz  / HDPE  / X-PTFE 
Window 

Construction  of  the  five-layer  windows  proceeds  in  much  the  same  fashion  as  the  three-layer  windows 
but  differs  significantly  in  the  way  the  polyethylene  and  X-PTFE  are  handled.  Like  PTFE,  polyethylene  is 
extremely  inert  and  its  surface  must  be  chemically  activated  to  make  bonds  available  for  glueing. 

However,  HDPE  is  not  readily  available  in  sheets  with  a pre-treated  surface  so  it  must  be  etched  prior  to 
use.  The  solution  of  choice  is  a chromic/sulfuric  acid  solution: 

Parts  Bv  Weight 

H2S04  (Sulfuric  acid)  100 

Na2Cr?07  *2H20  (Sodium  Dichromate)  5 

H20  ~ (Water)  8 

The  solution  should  be  mixed  with  care  as  it  is  an  extremely  strong  oxidizer.  When  fresh,  it  is  dark  brown, 
and  gradually  becomes  dark  green  upon  exposure  to  air  and  in  use  - a practical  indicator  that  it  should  be 
replaced.  The  solution  will  naturally  etch  through  a polyethylene  container  and  should  be  stored  in  safety- 
glass  bottles.  Note  that  in  past  decades  Emerson  and  Cuming  manufactured  “Ecoprime  PP”  as  a 
recommended  treatment  for  polyethylene  prior  to  bonding.  Though  the  solution  is  no  longer  available,  it 
appears  to  be  very  similar  to  the  mixture  above  as  deduced  from  the  Material  Safety  Data  Sheets. 

The  polyethylene  sheets  are  cut  from  HDPE  rod  stock  and  turned  on  a vacuum  chuck  to  approximately 
20-mils  thickness.  They  are  then  rubbed  with  an  acetone  soaked  Kimwipe  to  remove  gross  dirt  and 
organics,  then  placed  in  the  etching  solution.  The  disks  are  etched  for  approximately  1 hour  with 
intermittent  stirring,  then  rinsed  for  5 minutes  under  warm  running  water,  and  given  a final  rinse  with 
distilled  water.  Baking  is  not  recommended  for  the  surface  treated  polyethylene,  nor  is  wiping  the  surface. 
Instead,  the  windows  should  be  blown  dry  with  clean  nitrogen  gas.  If  a bake  is  necessary  to  dry  them,  the 
temperature  should  be  kept  at  approximately  50  C. 
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The  polyethylene  is  applied  to  the  quartz  with  Epo-Tek  301-2  epoxy,  as  for  the  three-layer  windows. 
Machining  the  polyethylene  layers  to  the  desired  thickness  is  more  complex,  however.  The  trimmed 
window  is  first  chucked  in  the  lathe  and  the  polyethylene  turned  down  to  be  approximately  1-2  mils  thicker 
than  desired.  Machining  HDPE  on  the  lathe  leaves  undesirable  tool  marks,  a surface  which  is  convex  near 
the  center,  and  other  features  greater  than  1 mil  in  height.  As  a result,  the  plastic  must  be  ground  to  the 
correct  thickness  on  a surface  grinder.  The  proper  grinding  wheel  to  use  is  designated  #32A46-GVBEP 
(see  Appendix  4),  operated  at  2850  RPM  ( 1 492  in/sec  at  the  wheel  surface).  Feed  rates  are  on  the  order  of 
in/sec  longitudinal,  and  in/minute  transverse.  Only  0.2-mils  may  be  removed  per  pass  or  scoring  will  result. 

To  apply  either  Goretex  or  Zitex  outer  layers,  a minimal  glue  transfer  method  is  used  to  minimize  the 
amount  of  glue  available  to  soak  into  the  porous  materials,  thereby  affecting  their  diele  ctric  properties.  The 
polyethylene  covered  window  is  given  a 5 minute  etch  in  the  chromic/sulfuric  acid  mixture,  rinsed,  and 
baked  30  minutes  under  a partial  vacuum  of  approximately  5 PSI  in  a vacuum  oven.  Epo-Tek  301-2  epoxy 
is  prepared  in  the  usual  manner,  and  about  2 drops  of  it  are  squeezed  betw  een  a pair  of  6 "-diameter,  3 IS  " 
thick  aluminum  disks  for  1 minute  at  40  PSI  air  pressure  in  the  air  press.  The  excess  is  wiped  from  around 
the  disk  edges,  and  the  disks  are  separated.  An  X-PTFE  disk,  pre-cut  to  match  the  diameter  of  the  window, 
is  pressed  against  each  glue  surface  for  1 minute  at  10  PSI  air  to  transfer  the  epoxy.  The  plastic  disks  are 
then  placed  on  their  respective  quartz  window  faces.  The  window  is  sandwiched  in  the  air  press  with 
Goretex  sheets  protecting  the  window’s  Goretex  or  Zitex  faces  and  the  press  is  operated  at  10  PSI  air 
overnight,  with  the  heater  set  to  approximately  65  C. 

To  complete  the  window,  the  plastics  are  trimmed  from  the  window  to  expose  the  quartz  sealing 
surface,  as  for  the  three-layer  window.  The  expanded  PFTE  will  not  cut  off  neatly  with  the  turning  tool  on 
the  lathe,  so  it  must  first  be  sliced  with  a razor  blade  and  peeled  off.  The  HDPE  can  then  be  turned  down  to 
the  quartz  with  a standard  tool  to  expose  th  e o-ring  contact  surface. 
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Appendix  4:  Sources  of  Materials 

Quartz:  Obtained  from  Norman  Benoit  and  Steve  Wickstrom  of  Boston  Piezo  Optics,  Medway 
Massachusetts.  In  March  of  2001  the  facilities  are  expected  to  move  to  Bellingham,  MA, 

(508)  966-4988. 

Teflon:  McMaster-Carr  #871 1K12.  12M  x 12"  x 1/32 "-thick  sheet,  etched  on  one  side.  Also  available  in 
0.015"  and  0.020"  thicknesses. 

EpoTek  30 1-2  is  available  from  Epoxy  Technology  Inc.,  14  Fortune  Dr.,  Billerica,  MA  018  21-3972.  301-2 
is  a two-part,  slow  curing  optical  epoxy. 

Heating  Pad:  McMaster-Carr  Model  #35765K143.  6"  x 6"  semi-flexible  rubberized  heating  pad,  2.5 
Watt/square  inch. 

Press:  Air  Mite,  Model  # AP  19,  Air  Mite,  Chicago,  IL  60641 . 2"  stroke,  5"  diameter  cylinder,  120  PS1 
maximum  pressure.  Available  as  McM  aster-Carr  #23 73 A 14. 

Grinding  wheel:  Sears  Craftsman.  Vi"  diameter  x 1-14"  long  with  %"  shank.  Aluminum  oxide. 

Router:  Sears  Craftsman  router,  Model  #917506.  2 HP  variable  speed  with  work  light  and  dust  collection. 
15,000  - 25,000  RPM,  run  at  its  fastest  speed  for  removing  epoxy.  Cheaper  models  don’t  have  the 
dust  collection  system  which  is  essential. 

Router  table:  Sears  Craftsman  router  table,  Model  #925560.  1 3"  x 1 8"  with  adjustable  fence. 

Grinding  wheel:  Norton  Bonded  Abrasives,  Worcester  Massachusetts,  (508)  795-5000.  The  applications 
engineer  checked  th e records  and  recommended  a 32 A (Aluminum  Oxide),  46  grit,  G hardness, 
Vitrified  (V)  bonded  wheel  with  a porous  structure.  The  complete  designation  of  the  wheel  is:  32A46- 
GVBEP.  In  a 10"  x 1 " x 3"  wheel,  the  1 0 digit  ID  number  is  6253160932.  The  wheel  is  available 
from  Manhattan  Supply  Company  (MSC)  as  part  number  05986013. 

Polyethylene:  High  density  polyethylene  (HDPE)  rod  stock.  Avoid  sheet  stock  due  to  the  possibility  of 
polarization  effects  caused  by  the  extrusion  process.  McMaster-Carr  #8624K56,  5"  diameter. 

Goretex:  See  [11]. 

Zitex:  See  [1  3].  Zitex  G is  available  in  thicknesses  of  4,  6,  8,  10,  15  mils,  and  larger  thicknesses  up  to  150 
mils.  A 5"  wide,  26  foot  long  roll  of  Zitex  G1 10  (10  mils)  is  the  minimum  order  available. 
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Abstract 

The  submillimeter- wave  limb-emission  sounder  called  SMILES  is  currently  being  developed  for  the 
Japanese  Experiment  Module  of  the  International  Space  Station.  It  will  observe  the  spectral  emis- 
sion lines  of  several  stratospheric  trace  gases  related  to  ozone  chemistry.  We  present  transmission 
and  reflection  measurements  with  a submillimeter-wave  vector-network  analyzer  of  various  opti- 
cal sub-components  of  SMILES,  which  include  corrugated  feed  horns  and  corrugated  back-to-back 
horns,  a novel  single  sideband  filter  and  a conical  calibration  load. 

1 Introduction 

SMILES  is  a submillimete  r-wave  limb-emission  sounder  which  is  currently  developed  for  the  Japa- 
nese Experiment  Module  of  the  International  Space  Station  [2].  It  will  obtain  global  maps  of  CIO, 
BrO,  HC1,  O3  and  other  stratospheric  trace  gases  related  to  ozone  chemistry  by  observing  their 
spectral  emission  lines  in  two  frequency  bands  at  624.32-626.32  and  649.12-650.32  GHz.  Two  su- 
perconducting SIS  mixers  cooled  by  a mechanical  cooler  will  guarantee  the  very  highest  sensitivity. 


Figure  1:  Ambient  Temperature  Optics  (AOPT)  module  of  SMILES.  Submillimeter  radiation  from 
the  cold  sky  and  the  atmosphere  enters  the  AOPT  through  two  corrugated  Back-to-Back  Homs 
(BBH).  The  output  to  the  cryogenic  mixers  is  hidden  underneath  the  single  sideband  filter. 
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The  Ambient  Temperature  Optics  subsystem  as  shown  in  Figure  1 provides  LO  injection,  single 
sideband  filtering  and  EMC  isolation  for  the  radiometer.  This  is  achieved  by  freestanding  wire  grids, 
a novel  configuration  of  the  Martin-Puplett  Interferometer  based  on  Frequency  Selective  Polarizers 
(FSP)  and  corrugated  Back-to-Back  (BBH)  horns,  respectively.  Other  optical  elements  outside  of 
the  AOPT  are  the  corrugated  feed  horns  of  the  SIS  mixers  and  a black-body  calibration  load. 

This  paper  reports  on  measurements  of  these  critical  quasi-optical  components  in  the  submil- 
limeter range.  Their  transmission-  and  reflection  characteristic  were  determined  with  a vector- 
network  analyzer  from  the  company  AB ’■Millimetre1 . In  our  configuration  of  this  instrument  coher- 
ent submillimeter  radiation  is  generated  from  a phase  locked  Gunn  oscillator  using  harmonic  mul- 
tiplication. A harmonic  mixer  with  a second  Gunn  oscillator  phase-locked  to  the  same  reference 
frequency  as  the  first  one  is  used  for  the  detection  and  allows  amplitude  and  phase  measurements 
with  high  dynamic  range  [3]. 

2 Corrugated  Feed  Horns 

The  two  SIS  mixer  blocks  of  SMILES  will  be  equipped  with  corrugated  feed  horns  that  are  known 
to  produce  symmetric  Gaussian  beam  patterns  with  low  side-lobes  [9].  However  they  are  not  easy  to 
manufacture  for  frequencies  in  the  submillimeter  region  and  detailed  antenna  pattern  measurements 
are  mandatory. 


Figure  2:  Measured  amplitude  and  phase  of  the  SMILES  corrugated  horn  antenna  together  with 
model  predictions.  This  measurement  is  a cut  through  the  E-plane  at  a frequency  of  602.5  GHz. 


] AB-Millimetre, 52  rue  Lhomond,  75  005  Paris,  France,  http://www.abmillimetre.com 
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Figure  3:  2-D  antenna  pattern  of  the  corrugated  horn  antenna.  Solid  lines  represent  the  3 dB  and  the 
first  10  dB  contours  of  the  measurement,  dotted  lines  are  circles  with  5°  difference  between  their 
radii. 


A first  prototype  of  the  SMILES  horn  antenna  was  mounted  on  the  harmonic  detector  of  the 
ABmm  system  and  rotated  in  azimuth  and  elevation  using  a motorized  2-axis  rotational  stage.  The 
submiliimeter  source  with  another  corrugated  horn  antenna  was  operated  at  a frequency  of  602.5 
GHz  and  remained  fixed  in  a distance  of  250  mm.  Since  the  aperture  diameter  of  the  horn  under 
test  is  4.2  mm  this  distance  is  more  than  three  times  larger  than  the  far  field  requirement  2D 2 /A. 
Three  micro-positioners  are  used  to  adjust  the  position  of  the  phase  center  of  the  horn  under  test 
with  respect  to  the  rotational  axes  to  achieve  a flat  phase  response  in  the  main  beam. 

Amplitude  and  phase  of  the  1-D  antenna  patterns  in  Figure  2 are  in  good  agreement  with  the 
predictions  of  the  mode-matching  model  CORRUG  [1]  down  to  the  -50dB  level.  Other  corrugated 
horns  with  a different  design  showed  a similar  good  match  between  measurements  and  model. 

The  symmetry  of  the  hom  is  revealed  by  the  2-D  antenna  pattern  in  Figure  3.  Small  deviations 
on  the  -40  dB  level  at  elevations  beyond  20°  are  caused  by  artifacts  of  the  antenna  test  range.  This 
is  indicated  by  the  fact  that  the  asymmetry  does  not  change  when  the  hom  is  rotated  by  180°. 
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Figure  4:  Schematic  setup  of  a conventional  MPI  and  a pair  of  FSP’s.  The  wires  of  each  grid  have 
an  orientation  of  45°  with  respect  to  the  polarization  of  the  incoming  radiation. 


3 Sideband  Filter 

Many  millimeter-  and  submillimeter-wave  receivers  make  use  of  the  Martin-Puplett  interferometer 
(MPI)  to  achieve  single  sideband  operation  [7].  The  frequency  characteristic  of  a MPI  can  be  easily 
tuned  by  changing  the  optical  path  difference  in  one  of  the  two  interferometer  arms.  For  fix-tuned 
applications  in  space  this  has  the  disadvantage  that  the  dimensions  of  the  whole  interferometer 
have  to  be  machined  to  an  accuracy  in  the  order  of  1/im  and  that  these  tight  tolerances  have  to 
be  maintained  over  the  whole  temperature  range  of  operation.  Another  drawback  is  that  residual 
reflections  due  to  the  imperfect  performance  of  the  grid  cause  standing  waves  in  the  optics  which 
could  limit  the  accuracy  of  the  instrument. 


Figure  5:  Quasi-optical  network  for  transmission  measurements  through  a pair  of  FSP  s 
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Figure  6:  Transmission  measurements  through  a pair  of  FSP’s  with  Ad  = 1.9  mm  together  with  the 
theoretical  curves  for  the  corresponding  MPI  and  FSP  interferometers. 


cx  T SeLP  S 3 nCW  COnfigUratlon  ofthe  MPI  as  show  in  Figure  4 will  be  used  for 

SMILES  [4],  It  is  based  on  two  Frequency  Selective  Polarizers  (FSP)  which  consist  of  a wire  grid 
placed  in  a specific  distance  Ad  parallel  in  front  of  a flat  mirror.  This  device  is  free  of  residual 

reflections  and  more  suitable  for  fixed-tuned  applications  since  the  critical  tolerances  have  to  be  met 
only  within  the  FSP. 


When  the  theoretical  transmission  through  such  a device  is  calculated  the  non-ideal  behavior  of 
the  wire  grids  has  to  be  modelled  in  detail  because  it  has  a significant  influence  on  the  frequencv 
c aractenstic  of  the  FSP’s.  As  discussed  in  [6]  the  cross-polar  components  ofthe  signal  transmitted 
an  re  ece  y the  grids  shift  the  frequency  ofthe  bandpass  minima  and  maxima  ofthe  FSP  filter 
compared  to  a conventional  MPI  with  similar  path  difference. 

The  transmission  through  a first  prototype  of  two  FSP’s  with  Ad  = 1.9  mm  was  measured  on 
a quasi-optica  1 test  bench  using  the  network  analyzer  (Fig.  5).  Two  elliptical  mirrors  produce  a 
aussian  beam  with  a beam-waist  radius  of  u;0  = 10  mm  between  the  FSP’s.  The  wires  of  both 
FSP  s have  a vertical  orientation,  while  the  wires  of  the  reflecting  grids  are  set  for  45°  polarization 

The  first  grid  after  the  vertically  polarized  source  can  be  rotated  by  90°  to  obtain  two  measurements 
ri  and  V . 


The  normalized  ratios  H/(H  + V)  and  V/{H  + V)  as  displayed  for  different  frequency  bands  in 
Figure  6 are  a measure  for  the  sideband  suppression.  The  transmission  minima  are  already  below  the 
no,se  floor  of  this  measurement  and  can  be  smaller  than  the  observed  values.  This  figure  also  shows 
the expected (characteristics  of  a conventional  MPI  and  ofthe  FSP  filter  with  the  same  nominal  path 

?nn^uCe'  I u eqUenCy  Shlft  betWCen  the  th^retical  FSP  curve  and  the  measurement  is  about 
3UU  MHz,  which  corresponds  to  1 /xm  machining  accuracy  of  A d. 
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Figure  7:  Design  of  the  Calibrated  Hot  Load  CHL.  The  aperture  has  a diameter  of  60  mm,  total 
length  is  317  mm. 


4 Calibration  Load 

The  radiometric  on-board  calibration  of  SMILES  will  be  realized  by  alternate  observations  of  the 
cold  sky  and  of  a black-body  calibration  target  at  ambient  temperature.  The  design  of  this  load  will 
be  based  on  the  Calibrated  Hot  Load  (CHL)  which  was  developed  by  Thomas  Keating  Ltd . and  AEA 
Technologies  within  an  previous  submillimeter  limb-sounder  study  of  the  European  Space  Agency 
ESA  [5].  Figure  7 displays  the  design  of  the  CHL  based  on  a tapered  aluminum  cone  lined  with 
microwave  absorbing  material. 


Detector 

horizontal 


Elliptical  Absorber  Stepping 

Mirror  Termination  (RAM)  Motor 


Figure  8:  Setup  of  the  quasi-optical  reflectometer.  Device  Under  Test  is  the  CHL  mounted  on  a 
motorized  translation  stage  which  allows  to  alter  the  phase  of  the  reflected  signal. 


A quasi-optical  reflectometer  was  used  to  measure  the  monostatic  reflectivity  of  the  CHL.  This 
property  is  of  special  interest  because  it  determines  the  amount  of  standing  waves  between  the  load 
and  the  receiver  and  thus  the  baseline  ripple  of  the  calibrated  spectra.  The  schematic  diagram  of  the 
reflectometer  setup  is  given  in  Figure  8.  The  vertically  polarized  beam  from  the  ABmm  source  passes 
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Figure  9:  Reflection  measurements  at  625  GHz  of  the  CHL  and  other  absorbing  materials  at  different 
axial  offsets. 


through  a first  horizontal  grid.  The  second  grid,  set  for  a polarization  of  45°,  acts  as  a 3 dB  beam 
splitter.  Half  of  the  power  is  transmitted  to  the  device  under  test  (DUT),  in  this  case  the  CHL,  while 
the  other  half  is  reflected  to  a beam  termination  made  of  the  submillimeter- wave  absorber  RAM2. 
The  returning  signals,  which  were  reflected  at  the  termination  or  at  the  DUT,  are  then  recombined 
with  the  45°  grid  and  partly  routed  to  the  detector  by  the  horizontal  grid.  Two  elliptical  mirrors  are 
included  in  the  reflectometer  to  form  a beam-waist  with  u>o  = 10  mm  close  to  the  aperture  of  the 
CHL. 

Amplitude  and  phase  of  the  detected  signal  are  determined  by  the  reflectivity  of  the  DUT  and 
the  absorber  termination  and  by  the  path  difference  in  the  two  arms  of  reflectometer.  To  separate 
the  two  components  the  DUT  is  mounted  on  a motorized  translation  stage  which  allows  to  move  it 
parallel  to  the  beam  axis  over  a distance  of  one  or  more  wavelengths. 

Figure  9 shows  such  a measurement  of  the  CHL  and  of  two  other  commercial  absorbers  RAM 
and  AN-723.  The  measurement  of  a flat  aluminum  plate,  also  shown  in  this  figure,  was  used  to 
establish  the  0 dB  reference.  Multiple  reflections  between  the  Aluminum  and  the  reflectometer  are 
causing  the  distinct  periodic  modulation  when  this  plate  is  moved.  In  the  case  of  the  CHL  and 
the  RAM  the  modulations  are  due  to  the  interfering  signals  of  the  DUT  and  the  absorber  termina- 
tion. AN-72  produces  a flat  response  because  its  reflectivity  is  much  higher  than  that  of  the  RAM 
termination,  but  still  low  enough  to  avoid  a significant  contribution  from  the  multiple  reflections. 

In  polar  coordinates  and  on  a linear  scale  the  data  points  of  each  target  lie  on  a circle  due  to 
the  phase  change  from  the  moving  DUT  (Fig.  10).  The  radius  of  these  circles  is  a measure  for 

2 RAM:  submil  lime  ter- wave  absoiber  with  a pyramidal  surface  from  Thomas  Keating  Ltd. 

3 AN-72:  flat  foam  absoiber  from  Emmerson&Cuming 
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Figure  10:  The  same  CHL  measurements  as  shown  in  Figure  9,  but  on  a linear  scale  and  in  polar 
coordinates. 


the  monostatic  reflectivity  of  the  DUT.  The  signal  reflected  at  the  fixed  absorber  termination  has 
a constant  phase  and  is  responsible  for  the  offset  of  the  circles.  From  this  measurement  of  the 
CHL  an  outstandingly  low  reflectivity  of  -70  dB  at  625  GHz  can  be  deduced.  Similar  results  at 
other  frequencies  between  200  and  700  GHz  are  reported  in  [8]  together  with  passive  reflection 
measurements  of  the  CHL  at  278  GHz. 


5 Back-to-Back  Horn 

To  avoid  EMC  problems  the  sensitive  receiver  of  SMILES  has  to  be  isolated  from  the  low  frequency 
RF  contamination  of  the  space  station.  This  will  be  achieved  by  two  corrugated  Back-to-Back  horns 
(BBH)  which  couple  the  atmospheric  signal  and  the  cold  space  view  of  the  sideband  termination 
into  the  shielded  enclosure  of  the  AOPT  module.  The  BBH’s  have  a total  length  of  130  mm  and  act 
as  overmoded  waveguides  for  the  submillimeter  waves  while  RF  radiation  with  a longer  wavelength 
is  prevented  from  entering  the  receiver.  A major  concern  are  reflections  at  the  BBH’s  which  would 
cause  standing  waves  in  the  optics.  For  that  reason  different  BBH  prototypes  were  tested  in  a 
reflectometer  setup  similar  to  the  one  shown  in  Figure  8.  A third  elliptical  mirror  after  the  second 
grid  has  to  be  added  to  image  the  source  and  detector  horns  onto  the  input  of  the  BBH.  The  lateral 
position  of  the  BBH  can  be  adjusted  manually  using  two  micro-positioners  to  optimize  the  alignment 
for  minimal  reflections.  Another  motorized  positioner  moves  the  BBH  parallel  to  the  beam  axis. 

Figure  1 1 displays  the  amplitude  of  the  detected  signal  for  different  axial  positions.  The  modu- 
lations again  are  caused  by  the  superposition  of  the  reflected  signals  from  the  BBH  and  the  absorber 
termination  and  can  be  removed  by  applying  the  technique  described  in  the  previous  section  on 
neighboring  data  points.  The  resulting  monostatic  reflectivity  of  the  BBH  given  by  the  black  line  in 
Figure  1 1 has  a minimum  value  below  -65  dB  in  the  optimum  focal  position.  The  lateral  position 
of  the  BBH  is  more  critical  than  the  axial  position  since  a 1 mm  horizontal  or  vertical  offset  of  the 
BBH  already  leads  to  reflections  at  the  -30  dB  level. 
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Figure  1 1:  Refiectometer  measurement  of  the  BBH  for  different  axial  offsets  from  the  optimal  focal 
position  and  the  retrieved  BBH  reflectivity  (black  line). 


6 Conclusions  and  Outlook 

We  have  described  transmission  and  reflection  measurements  of  critical  quasi-optica  1 components 
for  SMILES  in  the  submillimeter  region  which  were  obtained  with  a vector-network  analyzer.  Sum- 
marizing we  conclude; 

Antenna  patterns  of  the  corrugated  feed  horns  are  very  close  to  the  predicted  values.  This  is  a 
good  proof  for  theory,  manufacture  process  and  measurement  technique.  Measurements  of  a novel 
FSP  sideband  filter  showed  that  a sideband  suppression  of  more  than  -40  dB  can  be  achieved  with 
such  a device.  Only  a small  frequency  shift  between  the  measured  and  the  predicted  transmission 
minima  was  observed.  This  shows  that  the  non-ideal  characteristic  of  the  grids  can  be  modelled 
con-ectly  and  that  the  FSP’s  can  be  machined  with  the  required  pm  tolerances.  The  Calibrated  Hot 
Load  CHL  has  a very  low  monostatic  reflectivity  of  -70  dB  in  the  frequency  bands  of  SMILES.  This 
will  lead  to  less  standing  wave  problems  than  with  other  load  designs.  Reflections  from  the  Back- 
to-Back  Homs  can  be  as  low  as  -65  dB.  However  this  requires  a high  accuracy  in  the  alignment  of 
the  optics. 

Currently  an  engineering  model  of  the  complete  AOPT  module  is  manufactured.  The  electrical 
characteristics  of  the  whole  module  will  be  measured  before  and  after  vibration  and  thermal  cycling 
as  soon  as  it  is  available. 
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Future  submillimeter  and  far-infrared  space  telescopes  will  require  large-format 
(many  1000's  of  elements)  imaging  detector  arrays  to  perform  state-of-the-art 
astronomical  observations.  A crucial  issue  related  to  a focal  plane  array  is  a readout 
scheme  which  is  compatible  with  large  numbers  of  cryogenically-cooled  (typically  < 1 K) 
detectors  elements.  When  the  number  of  elements  becomes  of  the  order  of  thousands,  the 
physical  layout  for  individual  readout  amplifiers  becomes  nearly  impossible  to  realize  for 
practical  systems.  Another  important  concern  is  the  large  number  of  wires  leading  to  a 
0. 1-0.3  K platform.  In  the  case  of  superconducting  transition  edge  sensors  (TES),  a 
scheme  for  time-division  multiplexing  of  SQUID  read-out  amplifiers  has  been  recently 
demonstrated  [ 1].  In  this  scheme  the  number  of  SQUIDs  is  equal  to  the  number  ( N)  of  the 
detectors,  but  only  one  SQUID  is  turned  on  at  a time.  The  SQUIDs  are  connected  in 
series  in  each  column  of  the  array,  so  the  number  of  wires  leading  to  the  amplifiers  can  be 
reduced,  but  it  is  still  of  the  order  of  N.  Another  approach  [2]  uses  a frequency  domain 
multiplexing  scheme  of  the  bolometer  array.  The  bolometers  are  biased  with  ac  currents 
whose  frequencies  are  individual  for  each  element  and  are  much  higher  than  the 
bolometer  bandwidth.  The  output  signals  are  connected  in  series  in  a summing  loop 
which  is  coupled  to  a single  SQUID  amplifier.  The  total  number  of  channels  depends  on 
the  ratio  between  the  SQUID  bandwidth  and  the  bolometer  bandwidth  and  can  be  at  least 
1 00  according  to  the  authors.  An  important  concern  about  this  technique  is  a contribution 
of  the  out-of-band  Johnson  noise  which  multiplies  by  factor  VN  for  each  frequency 
channel. 

We  propose  a novel  solution  for  large  format  arrays  based  on  the  Hadamard 
transform  coding  technique  which  requires  only  one  amplifier  to  read  out  the  entire  array 
of  potentially  many  1000’s  of  elements  and  uses  ~ 10  wires  between  the  cold  stage  and 
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room  temperature  electronics.  This  can  significantly  reduce  the  complexity  of  the  readout 
circuits. 

As  an  example  of  the  technique,  we  consider  an  implementation  using  four  detectors 
(TES  detectors,  for  example)  and  a SQUID  amplifier.  The  electrical  diagram  is  shown  in 
Fig.  1.  All  detectors  are  individually  voltage  biased.  The  output  signal  currents,  II  to  14, 
(from  each  detector  resulting  from  the  far-IR  input  signal)  are  summed  in  the  input  coil  of 
a SQUID  amplifier.  In  order  to  de-convolve  the  individual  output  signals  from  the  total 
summed  output,  four  sequential  readings  are  performed.  Each  time  a different  polarity 
pattern  is  applied  to  the  bias  voltages  of  the  detectors  (shown  in  Fig.  1).  The  mathematical 
basis  for  the  de-convolution  procedure  uses  the  Hadamard  Transform  (HT)  and  the 
corresponding  voltage  polarity  patterns  are  given  by  the  Walsh-Hadamard  functions 
[3,4],  (A  very  good  description  of  the  HT  algorithm  and  its  applications  for  imaging  and 
spectroscopy  can  be  found  in  [5]).  The  Walsh-Hadamard  functions  are  binary  functions 
(plus  and  minus  ones)  and  for  our  purpose  they  correspond  to  positive  and  negative  bias 
voltages  across  detectors.  This  assumes  the  detector  current-voltage  (IV)  characteristic  is 
symmetrical,  which  is  the  case  for  bolometers. 

Let  R be  the  vector  whose  elements  correspond  to  the  summed  outputs  for  each  of 
the  4 polarity  patterns.  Then  R is  the  Hadamard  transform  of  O: 

r = |h4.o,  (1) 

where  O is  the  vector  whose  elements  are  the  detector  output  currents  II  to  14.  Inverting 
this  equation  gives  O,  the  actual  signal  output  of  the  array.  H4  is  the  corresponding 
Hadamard  matrix.  One  of  its  possible  construction  is  given  by 

n i i 

h -i  i 
H<  = i,  i -i 

h -i  -i 

The  Hadamard  matrix  is  especially  simple  if  its  order  (same  as  the  number  of 
detector  elements)  is  1,  2,  4,  8,  16,  32,  ...  2n  where  n = integer  . The  higher  order 
matrices  are  all  based  on  the  basic  2x2  matrix: 


H 

ll 
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h2  = 


n n„  m2 

L.  -i|H41h2 


2 1 jj  JH 

H2]  2iv  [h 


(3) 


Examples  of  different  order  matrices  can  be  found  in  [3,5] 

Beside  the  major  advantage  of  using  just  one  amplifier,  this  technique  provides  an 
improvement  in  the  signal-to-noise  ratio  (SNR)  of  the  measurements.  Indeed,  during  a 
single  reading  event,  4 signals  are  algebraically  added  whereas  the  electrical  noise  from 
individual  detectors,  i_noisen,  (which  are  independent)  is  totaled  as 

/_  noise  = i _ noise^  . The  average  SNR  improvement  for  the  aforementioned 

technique  is  N,/2  [5]. 

The  HT  multiplexing  technique  can  also  be  applied  to  the  detectors  with 
asymmetrical  IV  characteristics.  In  this  case,  instead  of  reversing  the  polarity  one  simply 
has  to  turn  the  bias  on  and  off.  The  Hadamard  matrix  then  consists  of  0’s  and  1 ’s  and  can 
be  easily  generated  as:  S = (H+U)/2,  where  U is  the  unity  matrix  (we  have  adopted  the 
“S-matrix”  notation  of  reference  4,  in  this  case).  The  SNR  improvement  is  somewhat 
worse  in  this  case:  (V+l)/2Vv  = Vv/2  (for  large  N)  [5],  The  multiplexing  technique  based 
on  the  “S-matrix”  can  be  applied  to  arrays  of  mixers.  However,  the  problem  of  feeding 
many  high-frequency  IF  signals  into  one  amplifier  is  definitely  more  severe  than  that  for 
slow  detectors. 

The  HT  multiplexing  technique  has  been  used  in  optical  imaging  applications  and 
spectroscopy  for  many  years.  However,  the  implementation  of  the  optical  masks  was 
strictly  mechanical.  For  example,  a coded  mask  technique  has  been  used  in  some  X-ray 
telescopes  to  record  an  image  using  a single  detector  and  a set  of  masks  with  transparent 
and  opaque  segments.  The  sequence  of  segments  fulfills  the  aforementioned 
mathematical  ordering  sequence  (e.g.,  that  of  Eq.  3).  Since  the  encoding  in  this  case 
occurs  on  the  optical  side  of  the  detector  system,  the  modification  of  the  SNR  is  different 
from  what  we  expect  in  our  electrical  scheme  [5].  In  optical  multiplexers,  the  optical 
noises  are  not  necessarily  independent  and  after  the  de-convolution  can  be  redistributed 
in  such  a way  that  the  SNR  in  a pixel  with  a weak  useful  signal  can  become  smaller.  As  a 
result,  despite  the  potential  average  increase  of  the  SNR,  the  contrast  of  the  image  can 
degrade.  This  cannot  happen  for  the  scheme  which  we  propose.  Our  multiplexing  of 
signals  occurs  on  the  “electrical”  side  of  the  detector  system  after  all  optical  signals 
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(useful  one  and  noise)  are  already  detected.  The  SNR  improvement  takes  place  due  to 
suppression  of  the  electrical  noise  at  the  detectors  output.  The  optical  noise  appears  after 
the  de-convolution  as  a part  of  the  optical  signal  and  its  rejection  is  a matter  of 
interpretation  of  the  final  data. 

As  can  be  expected  for  most  signal  processing  techniques,  the  significant  advantage 
of  the  HT  multiplexing  technique  does  not  come  for  free.  There  are  at  least  two  issues 
which  may  hamper  the  use  of  this  technique.  Generation  of  the  N electrical  bias  patterns 
would  certainly  take  time  especially  when  N is  of  the  order  of  thousands.  Figure  2 
illustrates  the  time  diagram  which  should  be  expected  in  bolometers.  The  required  time  to 
hold  a certain  voltage  across  a detector  must  be  at  least  x (the  bolometer  time  constant). 
This  allows  for  accumulation  of  the  energy  of  the  signal  in  the  bolometer.  So  the  total 
time  required  to  obtain  one  image  would  be  Nx  which  may  be  unacceptably  long  if  x is 
large.  This  becomes  less  of  an  issue  however  if  the  bolometers  are  fast.  For  example,  if 
we  consider  a hot-electron  direct  detector  (HEDD)  which  is  a recently  proposed  micron- 
size  version  of  a TES  bolometer  [6],  the  intrinsic  time  constant  given  by  the  electron- 
phonon  relaxation  time  can  be  = 1ms  [7].  However,  modification  of  the  time  constant  due 
to  the  electro-thermal  feedback  mechanism  would  reduce  it  to  30-100  ps.  In  this  case 
even  a 104-element  array  can  be  read  out  in  ~ 1 sec. 

The  second  issue  is  the  generation  of  the  electrical  polarity  patterns.  If  the  patterns 
are  generated  outside  of  the  dewar  then  this  technique  does  not  have  any  advantage  in 
reducing  the  heat  load  on  the  cryogenic  system.  One  would  need  to  run  2 N wires  to  bias 
the  bolometers.  However,  due  to  the  binary  nature  of  the  Walsh-Hadamard  functions  and 
the  cyclic  properties  of  S-matrices  from  which  the  Hadamard  matrices  can  be  originated 
[5],  a better  solution  is  available.  We  envision  a custom-designed  digitially-controlled 
pattern  generator  circuit  located  on  one  of  cold  stages  near  the  array  (see  Fig.  3).  Such  a 
circuit  would  generate  a new  polarity  pattern  at  N serial  outputs  every  time  a new  control 
bit  arrives  at  the  input.  It  would  need  just  a few  wires  for  bias  and  control  input.  The 
read-out  SQUID  would  typically  need  6 wires.  The  design  of  the  pattern-generator  would 
depend  on  the  cooling  requirements.  If  the  detectors  need  to  be  moderately  cooled 
(>  1 K),  the  circuit  can  be  placed  on  a 4K-stage.  In  this  case,  it  could  use  semiconductor 
transistor  technology.  For  deeper  cooling  («  1 K),  very  low-power  Josephson  logic 
circuits  could  be  used. 

The  HT  multiplexing  technique  should  work  well  with  arrays  of  HEDD  bolometers. 
In  addition  to  the  record  sensitivity  predicted  at  submillimeter  wavelengths  [6],  the 
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HEDD  bolometers  can  be  fabricated  on  bulk  dielectric  substrates  (Si,  sapphire)  (see 
Fig.4).  It  is  certainly  attractive  to  combine  such  an  array  with  an  on-chip  Walsh- 
Hadamard  function  generator.  Another  advantage,  as  was  mentioned  above,  is  the  small 
time  constant  which  makes  the  time  needed  to  take  one  image  short  enough  for  most 
applications. 

In  conclusion,  a new  approach  based  on  Hadamard  Transform  coding  is  proposed  for 
multiplexing  of  large  array  of  detectors.  The  method  uses  only  one  amplifier  to  read  out 
many  detectors  and  does  not  put  any  hard  limit  on  the  number  of  detectors  (104  detectors 
may  be  possible).  The  signal-to-noise  ratio  for  a single  reading  can  be  improved  by  factor 
of  square  root  of  the  number  of  detectors.  For  subkelvin  cryogenic  applications  this 
approach  can  be  an  important  solution  drastically  reducing  the  number  of  wires  between 
the  cold  stage  and  the  room  temperature  electronics. 

We  thank  L.A.  Luizova,  A.D.  Khakhaev  for  sharing  their  experience  with  Hadamard 
Transform  based  algorithms  for  image  recognition.  Fruitful  discussions  with  P.H.  Siegel, 
A.  Neto,  M.  Seiffert,  and  V.  Kapluneko  are  greatly  appreciated. 
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Fig.  1.  An  electrical  circuit  for  multiplexing  of  4 transition-edge  sensors.  All 
four  detectors  are  individually  voltage  biased.  Signal  currents  (11-14)  from  all 
detectors  are  summed  into  a SQUID  input  coil.  The  multiplexing  is  done  by 
applying  a sequence  of  four  polarity  patterns  of  bias  voltage.  The  de- 
convolution  of  the  signal  distribution  among  the  detectors  is  done  using  the 
Hadamard  Transform  algorithm. 
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Fig.  2.  The  time  diagram  for  switching  polarity  across  a bolometer.  If  the 
switching  is  done  fast  (dashed  line)  comparing  to  the  bolometer  response 
time  x,  the  electron  temperature  does  not  “sense”  that  and  remains  constant. 
So,  the  current  just  changes  its  polarity  and  the  device  is  ready  again.  The 
polarity  pattern  should  be  held  during  a period  of  at  least  x to  let  the 
bolometer  collect  all  the  signal  energy.  If  the  switching  is  slow  (soild  line) 
then  a time  of  at  least  2-times-3x  would  add  to  the  signal  hold  time,  which 
corresponds  to  the  time  required  for  the  bolometer  to  warm-up  and  cool- 
down. 
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Fig.  3.  Schematic  block-diagram  for  generating  Walsh-Hadamard 
electrical  bias  patterns  A new  bias  pattern  is  generated  each  time  a bit  is 
received  at  the  input.  This  circuit  may  need  just  a few  wires  for  bias  and 
signal  input.  A SQUID  amplifier  would  need  6 wires:  4 for  bias  and  2 for 
the  feedback  loop  (FL). 
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Si  substrate 


Fig.  4.  A monolithic  array  of  antenna-coupled  HEDD  bolometers  for  submillimeter 
wavelengths. 

a) ,  an  SEM  image  of  a lxl  pm2  Nb  prototype  HEDD  bolometer  on  a Si  substrate. 
The  device  is  combined  with  a spiral  antenna  (not  shown).  The  detector  was 
fabricated  by  H.G.  Leduc  at  JPL. 

b) .  A 4x4  array  of  bolometers  for  submillimeter  wavelengths.  Narrow  band 
antennas  will  be  useful  for  lower  Tc  bolometers  to  limit  background  loading  effects. 
A twin-slot  antenna  (shown  in  the  figure)  is  a possible  choice  since  it  has  a 
relatively  narrow  one  octave  bandwidth.  Such  antennas  have  been  used  up  to  2.5 
THz  [8]  for  hot-electron  superconducting  mixers.  A parylene  anti-reflecting  (AR) 
coatings  works  well  for  Si  at  THz  frequencies. 
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Abstract 

We  are  presenting  here  the  first  results  of  optical  responsivity  measurements  for  the 
Normal  Metal  Hot-electron  Microbolometer  (NHEB),  a hot-electron  direct  detector  for 
sub-mm  wavelengths.  The  detector  is  a metallic  microresistor  coupled  to  a planar 
antenna;  superconductor-insulator-normal  metal  (SIN/NIS)  tunnel  junctions  are 
employed  to  monitor  the  temperature  of  the  electron  gas.  We  aim  to  achieve  with  this 
detector  sensitivity  around  10'17  W/'jHz  at  0.3  K while  the  time  constant  is  going  to  be 
less  than  1 ps.  Planar  design  of  the  NHEB  is  favorable  for  its  future  expansion  into  a 
detector  array.  Earlier  we  have  measured  electrical  NEP  (noise  equivalent  power)  of 
3x1  Or16  W/fHz  for  an  NHEB  at  0.3  K.  This  time  we  have  performed  an  optical 
responsivity  measurement  for  another  NHEB  at  0.5  K using  a hot/cold  load.  We  have 
obtained  an  optical  responsivity  value  consistent  with  the  electrical  responsivity  data, 
and  with  the  estimated  efficiency  of  the  quasioptical  coupling. 


Introduction 

Direct  detectors  can  be  used  in  those  astrophysical  applications  where  sensitivity  is  more 
important  than  the  spectral  resolution.  Some  examples  of  studies  are  observation  of  the 
extragalactical  objects,  observation  of  remote  galaxies  radiation  from  which  is  highly  red- 
shifted,  and  study  of  the  early  phases  of  the  star  formation.  For  these  applications  the 
interesting  frequency  range  is  between  400  GHz  and  1.2  THz  [1].  Another  kind  of  study, 
where  bolometers  are  employed,  is  the  Cosmic  Microwave  Background  (CMB)  study.  In 
the  CMB  experiments  astrophysicists  try  to  resolve  fine  fluctuations  of  intensity  in  the 
relict  radiation  with  equivalent  black-body  temperature  around  2.7K,  that  is  why  the 
interesting  frequency  range  there  is  50. .300  GHz. 

Today’s  most  common  type  of  bolometers  is  the  NTD-Germanium  thermistor  suspended 
on  a SiN-mesh.  The  newer  type  is  a superconducting  transition-edge  sensor  (TES),  also 
suspended  on  thin  SiN  or  Si  supports  [2][3],  All  these  bolometers  have  noise  equivalent 
power  (NEP)  around  10' 17  W/Hz  , which  usually  means  that  their  sensitivity  is  already 
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limited  by  noise  from  fluctuations  in  the  stream  of  received  photons  (photon  noise). 
However  the  time  constant  is  at  the  level  of  1 ms,  which  means  that  an  experiment 
requires  very  long  observation  time.  This  problem  can  be  resolved  by  integrating  many 
bolometers  into  an  array,  thus  building  an  imaging  camera.  Several  research  groups  have 
proposed  different  ways  how  large  bolometer  arrays  could  be  built,  however  at  present 
there  is  still  no  fully  developed  solution  for  a fast,  sensitive,  and  robust  bolometer,  that 
could  be  easily  integrated  into  an  array  with  thousands  of  pixels. 

It  would  be  a great  advantage  for  integrating  the  detectors  if  the  whole  array  could  be 
fabricated  on  a single  wafer  and  processed  at  the  same  time  instead  of  assembling  it  from 
individual  elements  as  it  is  usually  done  nowadays.  We  are  developing  a detector  which 
is  fully  compatible  with  the  planar  microtechnology  and  can  be  fabricated  on  a standard 
silicon  wafer  without  membranes  or  any  suspended  structures.  This  detector,  normal- 
metal  hot-electron  bolometer  (NHEB)  is  an  antenna-coupled  device,  similar  to  the  widely 
known  hot-electron  heterodyne  mixers.  Its  operating  temperature  is  0.3  K or  below,  and 
the  sensitivity  after  optimization  can  be  as  good  as  10'17W/Hz1/2  at  0.3  Kelvin  and 
1019  W/Hzt/2  at  0.1  Kelvin.  Furthermore,  this  bolometer  has  the  time  constant  as  short  as 
20  ps  at  0.1  K (less  than  1 ps  at  0.3  K),  thus  allowing  for  high-speed  scans.  In  the 
following  text  we  review  the  prospects  of  this  detector  and  describe  its  optical 
qualification  that  has  been  done  now  for  the  first  time. 


The  Normal-Metal  Hot-Electron  Bolometer 

The  normal  metal  hot-electron  bolometer  (fig.  1 ) has  been  proposed  by  M.  Nahum  et  al 
[4][5].  It  consists  of  a normal-metal  absorber  strip  with  small  volume  connected  as  a 
matched  load  to  a planar  antenna,  and  a pair  of  Normal  metal-Insulator-Superconductor 
(NIS)  tunnel  junctions.  The  electron  gas  in  the  absorber  strip  receives  thermal  energy 
from  the  high-frequency  currents  induced  in  the  antenna  and  gives  it  away  to  the  lattice 
phonons  in  the  film.  At  low  temperatures  the  electron-phonon  interaction  time  is  much 
longer  than  the  electron-electron  interaction  time,  so  that  the  electrons  arrive  at  thermal 
equilibrium  at  a temperature  which  is  higher  than  the  lattice  temperature  (hot-electron 
effect).  In  order  to  avoid  energy  loss  through  diffusion  of  the  electrons  into  the  antenna 
the  strip  is  contacted  via  superconducting  electrodes,  since  the  Andreev  effect  prohibits 
energy  transport  from  the  normal  metal  to  the  superconductor  at  an  NS-interface. 
Variations  of  the  electron  temperature  in  the  absorber  strip  of  the  NHEB  are  detected 
from  smearing  of  IV-curves  of  the  NIS  junctions,  which  have  the  strip  as  their  N- 
electrode.  In  the  latest  design  of  our  devices  the  absorber  strip  is  made  of  copper  and  has 
dimensions  5.6pmx0.25pmx0.03pm.  The  superconducting  electrodes  are  made  of 
aluminum.  The  NIS  junctions  have  normal  resistance  between  1 and  10  kOhms. 
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Fig.  1 

Left  panel  - SEM  image  of  the  power  sensor  (tilted  view).  The  structure  is  fabricated  by 
e-beam  lithography  and  shadow  metal  evaporation  from  different  angles. 


Right  panel  - principle  of  operation  of  the  NIS  thermometer.  Two  junctions  in  series  are 
biased  with  a constant  current.  Voltage  over  the  junctions  is  then  almost  linearly 
dependent  on  the  electron  temperature  in  the  normal  electrode. 


The  following  expressions  can  be  used  for  a simple  estimation  of  speed  and  sensitivity  of 
the  detector  at  various  temperatures: 

NEP  = e„  I S 

is  the  Noise  Equivalent  Power  (NEP),  which  is  the  common  measure  of  sensitivity  for 
bolometers;  e„  is  the  total  voltage  noise  at  the  output  of  the  bolometer  and  S is  the 
bolometer’s  responsivity  (output  voltage  change  per  unit  of  input  power  change).  The 
output  noise  is  a sum  of  many  contributions:  thermal  fluctuation  noise,  shot  noise  in  the 
tunnel  junctions,  noise  from  thermal  flow  fluctuations  in  the  junctions,  amplifier  noise, 
and  the  photon  noise.  A detailed  analysis  of  the  different  noise  contributions  can  be  found 
in  [6].  Here  we  can  mention  that  in  all  experiments  reported  by  now  the  output  noise  has 
been  dominated  by  the  noise  of  a semiconductor  amplifier.  In  our  latest  experiment  we 
had  = 15  nWHzl/2  at  35  Hz  with  a room-temperature  amplifier,  and  we  estimate  that  by 
using  a cold  amplifier  we  must  be  able  to  reach  en  = 3 nV/Hz1/2. 

The  responsivity  is  given  by 

s_dV_  J_ 

~ dT  dP~  dT  G 

where  T is  the  electron  temperature  in  the  absorber  strip,  AVIA T is  the  temperature 
responsivity  of  the  tunnel  junctions,  and  G is  the  thermal  conductance  from  electrons  to 
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phonons  in  the  absorber  strip.  dV/dT  for  aluminum  junctions  is  nearly  constant  from 
0.15  K to  0.45  K with  nominal  value  of  8><1 0"4  V/K  per  pair.  Low  thermal  conductance  is 
of  the  key  importance  for  obtaining  high  responsivity  and  low  NEP,  and  it  is  strongly 
dependent  on  the  operating  temperature.  For  copper  films  which  we  use  for  the  absorber 
strip  in  the  NHEB,  the  electron-phonon  cooling  rate  is  given  by 

pep=m(rs-T05) 

where  Q is  the  volume  of  the  strip  (0.045  pm3),  E is  the  material  parameter  (2.5xl0'9  W 
pm  3K  5 for  copper),  and  T0  is  the  phonon  temperature.  Then  the  thermal  conductance 
will  be 


g= 5iar4. 

The  time  constant  of  the  bolometer  is  equal  to  the  electron-phonon  interaction  time  in  the 
absorber  strip.  According  to  the  data  that  can  be  found  in  literature  [5]  this  constant  for 
our  type  of  films  is 

Tep  = 20  / r3  ns. 

By  substituting  the  typical  values  into  the  formulas  above  we  get  the  following  summary 
of  performance  parameters  expected  for  the  NHEB: 


r=o.3K  t=o.ik 


thermal  conductance  G 

5xl012  W/K 

6xl0'14  W/K 

responsivity  S 

1.8xl08  V/W 

9xl09  V/W 

NEP  with  en=  15  nV/Hzl/2 

8x1 017  W/Hz1/2 

1.7x1 8 W/Hz1/2 

NEP  with  en  = 3 nV/Hz1/2 

1.7xl0'17  W/Hz1/2 

3xl0"19  W/Hz1/2 

time  constant 

0.7  jis 

20  ps 

In  our  earlier  experiments  we  measured  the  so-called  electrical  responsivity  of  a NHEB, 
that  is  response  at  the  output  per  unit  power  dissipated  in  the  absorber  strip  by  a constant 
current  applied  through  it.  We  obtained  SE  = lxlO8  V/W  at  0.3  K and  SE  = 4xl09  V/W  at 
0.1  K for  a bolometer  with  absorber  strip  of  double  the  volume  used  in  the  calculations 
above  [7].  Thus  the  experimental  values  were  in  a good  correspondence  with  theory. 

In  order  to  measure  the  optical  responsivity,  which  is  the  response  per  unit  power  of  an 
external  sub-mm  wave  signal  coupled  to  the  bolometer,  we  had  to  incorporate  the  NHEB 
power  sensor  with  a suitable  planar  antenna.  We  have  chosen  the  twin- slot  antenna 
because  of  its  reasonably  narrow  pattern  and  frequency  characteristics.  The  slot 
dimensions  were  designed  using  the  calculation  procedure  developed  at  Caltech  [8],  To 
simplify  the  fabrication  process  coupling  between  the  slots  and  the  power  sensor  has  been 
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done  by  two  co-planar  waveguides  (CPW)  with  characteristic  impedance  of  30  Ohms, 
which  is  equal  to  the  antenna  impedance  at  the  resonance  frequency  (300  GHz)  - see 
figure  2. 

Fig.  2 

The  twin-slot  antenna.  The  bolometer  (in  the 
center j is  connected  to  the  slots  by  a CPW 
transmission  lines  with  characteristic  impedance 
of  30  Ohms,  which  matches  the  calculated 
impedance  of  the  slots  at  300  GHz.  The  ground 
plane  is  divided  by  another  narrow  slot  in  other 
to  allow  measurements  of  resistance  of  the 
absorber  strip  and  to  make  space  for  the  bias 
wiring  of  the  tunnel  junctions. 


The  optical  setup 

The  concept  of  our  optical  setup  was  described  in  detail  in  [7],  These  are  its  main 
elements: 

• Helium  dewar  with  an  optical  window,  type  HDL-8  from  IR-labs;  minimum 
temperature  of  the  cold  plate  is  about  1 .5  K achievable  by  pumping  on  the  helium 
bath. 

• Closed-cycle  3He  cryocooler  mounted  at  the  cold  plate  of  the  dewar  and  providing 
cooling  of  a detector  holder  to  0.3  K. 

• Detector  holder  containing  the  detector,  a hyperhemispherical  silicon  lens,  and  a 
focusing  dielectric  lens. 

• Filter  unit  mounted  in  the  dewar  window  and  cooled  to  the  cold  plate  temperature. 

This  setup  provides  coupling  of  the  external  radiation  to  the  detector  cooled  to  0.3  K by  a 
nearly  gaussian  beam,  so  that  the  whole  throughput  of  the  antenna  is  covered  by  an 
external  load.  It  also  prevents  overheating  of  the  bolometer  by  thermal  radiation  at  high 
frequencies.  For  the  latter  purpose  we  are  using  three  sequential  filters  (in  order  from 
room  to  detector): 

• metal  mesh  resonant  low-pass  filter  with  sharp  edge  at  450  GHz 

• alkali-halide  low-pass  filter  with  edge  at  1 650  GHz;  this  filter  blocks  the  resonant 
leaks  of  the  metal-mesh  filter  at  higher  frequencies 

• neutral  density  filter  with  1.3%  (-18.9  dB)  transmission  reducing  the  overall 
power  load  on  the  bolometer  from  the  room-temperature  environment. 
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All  the  filters  are  fabricated  by  QMCI  [9],  The  schematic  diagram  of  the  quasioptical 
path  and  a view  of  the  cold  work  area  of  the  dewar  are  shown  in  the  figures  3 and  4. 


Fig.  3 

Ray  traces  in  the  quasioptical  path  (at  the 
-8.7dB  relative  power  level)  for  frequencies 
from  180  GHz  to  420  GHz.  The  components 
on  the  drawing  from  left  to  right  are  the  filter 
unit  aperture,  the  dielectric  lens  and  the 
hyperhemispherical  lens  (shown  by  a small 
circle).  The  traces  are  calculated  in  the 
assumption  of  the  gaussian  beam  shape. 


Fig.  4 View  of  the  cold  working  area  in  the  cryostat:  1 - the  optical  window;  2 - the 
filter  unit;  3 - the  focusing  dielectric  lens;  4 - the  detector  holder  (position  of 
the  Si  lens);  5 - the  0.3  K thermal  strap;  6 - the  3 He  cryocooler. 
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The  measurement  results 

In  our  optical  qualification  experiment  we  have  measured  how  voltage  across  the  tunnel 
junctions  of  the  NHEB  changes  in  response  to  switching  between  the  hot  (room 
temperature)  and  cold  (liquid  nitrogen)  loads  placed  outside  the  dewar  window.  View  of 
the  experimental  setup  is  presented  in  the  Fig.  5.  The  measurements  were  done  with  a 
lock-in  amplifier  and  the  chopping  frequency  was  35  Hz.  We  have  also  measured  the 
voltage  noise  at  the  output  of  the  amplifier  in  order  to  determine  the  NEP  of  the 
bolometer.  By  modulating  an  external  microwave  source  irradiating  the  bolometer  we 
could  estimate  the  post-detection  bandwidth  of  the  system,  which  was  limited  by  the  RC- 
constant  of  the  readout. 

Fig.  5 

Setup  used  in  the  optical  responsivity  mea- 
surement: the  chopper  disk  is  tilted  45° 
from  the  optical  axis;  the  bolometer  sees 
either  the  lab  environment  reflected  by  a 
chopper  blade  (hot  load)  or  an  Eccosorb 
pad  floating  in  liquid  nitrogen  in  the  foam 
box  behind  the  chopper  (cold  load). 


The  NHEB  used  in  this  experiment  had  an  absorber  strip  with  resistance  of  30  Ohms.  The 
detector  sample  had  been  tested  first  electrically  in  a dilution  refrigerator  at  T-  0.3  K.. 
0.5  K.  We  have  recorded  TV-curves  of  the  junctions  at  different  temperatures,  which  has 
allowed  us  later  to  measure  the  electron  temperature  of  the  absorber  strip  in  the  optical 
experiment. 

The  results  of  the  optical  responsivity  measurements  are  shown  in  the  Fig.  6.  The 
maximum  response  was  4 p.V  at  the  optimal  bias  current  of  1.2  nA.  By  comparison  of  the 
junctions’  IV-curve  with  the  IV-curves  recorded  in  the  dilution  refrigerator  we  could 
conclude  that  the  electron  temperature  in  the  absorber  strip  was  0.50  K,  which  also  was 
the  minimum  electron  temperature  we  could  achieve  in  this  experiment,  even  though  the 
cryocooler’s  physical  temperature  was  as  low  as  0.30  K.  Presently  we  suspect  that  this 
overheating  was  due  to  the  rf-interference  from  outside  the  cryostat  penetrating  through 
the  test  wiring  attached  to  the  antenna  plane. 
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Fig.  6 Left  panel:  IV-characteristics  of  the  SINIS  tunnel  junctions  in  the  optical 
responsivity  measurement;  the  curve  corresponds  to  the  electron  temperature  of 
0.5  K in  the  N-electrode  (absorber  strip).  Right  panel:  Voltage  response 

corresponding  to  chopping  between  cold  and  hot  loads  outside  the  dewar 
window.  The  measurement  has  been  done  with  a lock-in  at  35  Hz.  The  vertical 
axis  is  the  junctions  ’ bias  current  (same  as  in  the  left  panel). 


A simple  estimation  of  how  the  radiation  power  coupled  to  the  bolometer  changes  with 
switching  between  the  cold  and  the  hot  loads  can  be  obtained  with  the  following 
expression,  derived  from  the  Plank’s  formula  for  blackbody  radiation  in  the  limit  of  high 
temperatures  and  low  frequencies: 

AP  = T]kB{291K-nK)Af. 

j i represents  all  the  optical  and  coupling  losses,  and  A f is  the  detection  bandwidth  which 
in  our  case  is  determined  by  the  width  of  the  main  resonance  in  the  frequency 
characteristics  of  the  antenna.  We  have  accounted  for  the  following  losses: 

• Dewar  windows  (teflon),  reflection,  -0.4  dB 

• Neutral  density  filter,  calibrated  by  the  manufacturer,  -1 8.9  dB 

• Focusing  dielectric  lens  (TPX),  reflection,  -0.2  dB 

• Silicon  lens,  reflection,  -1.5  dB 

This  gives  in  total  -21  dB,  or  T]  = 7.9xl0'3.  The  unaccounted  losses  can  be  absorption 
losses,  interference  losses,  antenna  losses,  and  antenna-to-bolometer  matching  losses. 
The  bandwidth  Afhas  been  estimated  from  a measurement  done  on  a 100:1  scale  model 
of  the  antenna  as  0.3/o,  or  100  GHz  (accurate  within  about  ±50%).  Substituting  the 
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estimations  for  the  losses  and  for  the  bandwidth  into  the  expression  above  we  get  A P = 
2.4x  1 O'  W and  maximum  responsivity  S = AV ZAP  = 1.7xl06  V/W. 

The  theoretical  responsivity  of  the  NHEB  with  this  volume  of  the  absorber  strip  would  be 
Stheor  = 1.5x10  V/W  at  0.5  K.  If  we  associate  the  discrepancy  solely  with  the 
unaccounted  losses  it  would  mean  that  those  losses  in  this  experiment  were  as  large  as 
“9.5  dB. 


The  results  of  the  noise  measurements  are  shown  in  the  Fig.  7.  The  noise  from  the 
amplifier  (INA110,  differential  OpAmp  with  an  FET  input)  is  the  dominating 
contribution  (13  nV/HzI/2  at  35  Hz).  The  total  bolometer  noise  at  35  Hz  (the  frequency 
used  in  the  optical  responsivity  measurement)  is  about  15  nV/Hz,/2  which  corresponds  to 
NEP  = eJS  - 9xl0'15  W/Hzl/2.  For  the  same  bolometer  operating  at  0.3  K and  in  the 
absence  of  coupling  losses  this  output  noise  would  have  corresponded  to 
NEP  = 9x10' 7 W/Hz1/2. 

Finally,  we  attempted  to  measure  the  time  constant  of  the  detector  or  that  of  the 
measurement  system,  whichever  would  be  shorter.  We  had  placed  an  IMP  ATT  oscillator 
radiating  at  62  GHz  in  front  of  the  dewar  window  and  modulated  it  at  frequencies  up  to 
200  kHz.  To  reduce  the  incident  power  the  window  was  blocked  by  a metal  bar,  leaving  a 
small  gap  just  enough  to  get  a measurable  response  from  the  NHEB.  We  have  observed  a 
-6  dB/octave  roll-off  with  characteristic  frequency  20  kHz  (Fig.  8).  Considering  the 
dynamic  resistance  of  the  tunnel  junctions  at  the  working  point  (lOOkOhms)  and 
capacitance  of  the  wiring  connecting  the  junctions  to  the  amplifier  (about  100  pF),  this 
frequency  behavior  perfectly  corresponds  to  the  low-pass  filtering  action  of  the  readout 
circuit.  The  conclusion  has  been  made  that  the  time  constant  of  the  bolometer  itself  is  at 
least  below  10  jts.  The  theoretical  value  of  the  NHEB’s  time  constant  at  0 5 K is  0 16  Lis 
(/mod  > 6 MHz).  ' ' H 
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Fig.  8 

Dots:  Amplitude  of  the  bolometer’s 
response  to  radiation  from  a strong 
62  GHz-source  modulated  at  diffe- 
rent frequencies. 

Curve:  theoretical  frequency 

characteristics  of  an  RC  lowpass 
filter  with  f=20kHz.  This  value 
corresponds  quite  well  to  the  R and 
C of  the  readout  circuit.  No  rolloff 
contribution  from  the  bolometer 
itself  could  be  identified. 


Further  development 

In  the  near  future  we  are  aiming  to  improve  our  experiment  and  achieve  better  values  of 
sensitivity.  The  primary  issue  is  to  avoid  the  rf  interference  by  installing  additional  filters 
in  the  cryostat.  In  this  way  we  hope  to  reduce  the  working  temperature  of  the  bolometer 
to  the  physical  temperature  of  the  cryocooler,  that  is  0.3  K.  The  next  step  will  be  to 
minimize  the  output  noise  by  using  a cooled  amplifier  with  noise  level  below  5 nV/Hz1/2 
in  the  vicinity  of  the  detector.  These  two  measures  should  improve  the  sensitivity  by  the 
factor  of  20.  At  the  same  time  we  will  need  to  identify  and  measure  the  unknown  losses 
in  the  optical  coupling  and  measure  the  true  frequency  spectrum  of  the  receiver.  We  plan 
to  do  this  by  using  a Fourier  Transform  Spectrometer. 

Later  on  we  would  like  to  improve  the  performance  of  the  NHEB  even  more  by 
decreasing  the  absorber  strip  volume  and  by  trying  out  materials  other  than  copper  and 
aluminum.  It  has  been  reported  that  in  Hafnium  and  possibly  in  some  other  thin  films  one 
could  obtain  dependence  of  the  Tep  on  temperature  as  T4  instead  of  T3  [10].  This  would 
mean  that  the  electron-phonon  thermal  conductance  might  be  reduced  even  more,  thus 
enhancing  the  bolometer  responsivity.  And  besides  the  development  of  the  individual 
detector  element  we  plan  to  provide  eventually  also  an  array  solution  with  a few  NHEBs 
operating  simultaneously  on  the  same  chip. 


Conclusions 

We  are  developing  the  NHEB  - an  antenna-coupled  hot-electron  direct  detector 
particularly  suitable  for  creating  rapid  bolometer  cameras.  According  to  the  electrical 
responsivity  measurements  this  detector  can  have  sensitivity  of  NEP  = 10" 17  W/Hzl/2  and 
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time  constant  in  the  microsecond  range  at  0.3  K;  a greatly  better  performance  is  possible 
at  0.1  K.  Functionality  of  the  NHEB  has  now  been  demonstrated  in  an  optical 
qualification  experiment  with  hot/cold  load;  the  detector  has  been  operated  at  0.5  K and  it 
has  shown  the  optical  NEP  = 9x10" 15  W/Hz1/2.  In  the  near  future  we  aim  to  improve 
performance  of  the  NHEB  at  0.3  K and  obtain  the  predicted  level  of  sensitivity;  later  on 
we  will  also  start  to  develop  an  array  solution. 
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Introduction 


The  200fim  to  3mm  wavelength  range  has  great 
astronomical  and  cosmological  significance. 
Science  goals  include  characterization  of  the  cos- 
mic microwave  background,  measurement  of  the 
Sunyaev-Zel’dovich  effect  in  galaxy  clusters,  and 
observations  of  forming  galaxies.  Cryogenic 
bolometers  are  the  most  sensitive  broadband  de- 
tectors in  this  frequency  range.  Because  single 
bolometer  pixels  are  reaching  the  photon  noise  limit 
for  many  observations,  the  development  of  large 
arrays  will  be  critical  for  future  science  progress. 

Voltage-biased  superconducting  bolometers 
(VSBs)  have  several  advantages  compared  to  other 
cryogenic  bolometers.  Their  strong  negative 
electrothermal  feedback  enhances  their  linearity, 
speed,  and  stability.  The  large  noise  margin  of  the 
SQUID  readout  enables  multiplexed  readout 
schemes,  which  are  necessary  for  developing  large 
arrays.  In  this  paper,  we  discuss  the  development 
of  a large  absorber-coupled  array,  a frequency- 
domain  SQUID  readout  multiplexer,  and  an 
antenna-coupled  VSB  design. 


Absorber-Coupled  Filled  VSB  Arrays 

A closely  packed  array  of  bolometers  mounted 
directly  in  the  focal  plane  of  a telescope  can  give  a 
higher  overall  efficiency  than  other  designs.  We 
have  developed  a monolithic  design  for  large 
format  filled  arrays  of  absorber-coupled  voltage- 
biased  superconducting  bolometers  [ 1 ] . 


The  thermal  isolation  required  by  a bolometer 
creates  a challenge  in  developing  a close  packed 
array.  Our  design  (Figure  1 ) makes  use  of  a folded 
leg  suspended  structure  with  a square  absorber  to 
allow  for  an  array  with  a high  filling  factor  while 
maintaining  the  requisite  thermal  isolation.  The 
absorber  is  an  open  mesh,  allowing  for  efficient 
absorption  of  mm-wave  optical  power  while  mini- 
mizing the  cosmic  ray  cross  section.  The  open 
mesh  absorber  was  pioneered  with  *' spiderweb" 
semiconducting  bolometers  [2]  and  VSBs  in  that 
geometry  have  been  fabricated  by  our  group  [3]. 
However,  the  spiderweb  geometry  is  not  well  suited 
for  a close  packed  array. 

Single  pixel  prototype  devices  were  constructed 
using  standard  micro  fabrication  techniques.  The 
low  stress  silicon  nitride  was  deposited  on  a 


457 


12th  International  Symposium  on  Space  Terahertz  Technology 


Figure  1 : Prototype  single  pixel  for  the  filled 
array  design.  The  absorbing  grid  is  a silicon 
nitride  mesh  1.5  mm  on  a side.  The  nitride  grid 
is  suspended  at  four  points  (arrows)  where  it  is 
attached  to  tensioned  nitride  beams  along  the 
left  and  right  sides  of  the  grid.  The  electrical 
leads  are  supported  by  the  nitride  beams  along 
the  top  and  bottom  of  the  grid.  The  leads  make 
contact  to  the  superconducting  thermistor  on  the 
small  patch  of  nitride  at  the  center  of  the  grid. 


standard  silicon  wafer.  The  thermistor  and  leads 
were  then  deposited  together  as  four  successive 
layers  consisting  of  Al/Ti/Al/Ti.  The  thick  upper 
A1  layer  was  etched  off  the  top  of  the  thermistor  to 
create  a region  with  a lower  critical  temperature 
(Tc)  than  the  leads  around  it.  Adjusting  the 
thicknesses  of  the  A1  and  Ti  allows  the  Tc  of  the 
thermistor  to  be  controlled.  The  nitride  was  then 
etched  into  the  square  mesh  pattern  using  a fluorine 
plasma  etch.  A XeF2  gaseous  etch  was  used  to  etch 
the  silicon  underneath  the  nitride  from  the  front 
side  of  the  wafer. 


A prototype  was  tested  at  a base  temperature  of 
264  mK.  The  device  was  voltage  biased  by  current 
biasing  a 20  m ft  shunt  resistor  and  the  bolometer 
current  was  measured  using  a SQUID  ammeter. 
The  noise  spectra  were  measured  with  a spectrum 
analyzer  and  the  noise  equivalent  power  is  plotted 
in  Figure  2.  The  thermal  conductance  was 
measured  to  be  G = 2.7  x 101 1 W/K. 


j*r».y  {H*> 


Figure  2 : Measured  noise  equivalent  power  for 
prototype  bolometer 


To  optimize  the  optical  coupling,  future  devices 
will  have  a reflective  metal  deposited  on  the  back 
of  the  wafer  as  depicted  in  Figure  3.  In  free  space, 
the  distance  between  the  reflector  and  the  absorber 
should  be  V*  K to  maximize  absorption.  The  pres- 
ence of  silicon  over  part  of  the  distance  modifies 
the  optimal  length  somewhat.  Using  SOI  wafers 
and  trench  etching  techniques,  the  reflector  can 
accurately  be  placed  at  the  correct  distance  [4]. 


In  order  to  test  the  mechanical  stability  of  this 
design  and  its  suitability  for  use  in  large  arrays, 
several  nitride  structures  were  constructed  for 
bolometer  arrays  ranging  from  4 x 4 to  32  x 32 
pixels.  Pictured  in  Figure  4 is  the  nitride  mesh 
structure  for  a 32  x 32  pixel  array.  The  nitride 
meshes  are  spaced  to  allow  1 pm  leads  with  1 pm 
spacing  to  each  pixel.  A similarly  constructed 


Figure  3 : Cross  section  of  bolometer  with  the 
proposed  reflector  on  the  back  side.  The  vertical 
scale  has  been  exaggerated. 
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bolometer  array  would  give  a filling  factor  of  88%. 


All  of  the  elements  in  the  pictured  array  are 
intact,  but  10  of  the  1024  meshes  show  defects  due 
to  dust  contamination.  The  other  nitride  arrays  had 
a similarly  high  yield.  The  devices  also  proved  to 
be  more  robust  during  handling  than  the  previously 
manufactured  spiderweb  bolometers  [3].  This  is 
likely  due  to  the  continuous  silicon  substrate 
beneath  the  nitride  suspensions. 


Our  current  design  uses  a dual  slot  dipole  planar 
antenna  [5].  This  antenna  is  well  suited  to  this  ap- 
plication as  it  has  a symmetric  beam  pattern  and 
provides  a good  impedance  match  to  microstrip 
transmission  lines.  Typically  a dielectric  lens  in 
direct  contact  with  the  antenna  is  used  and  the  pa- 
rameters of  the  lens  and  antenna  can  be  tuned  to 
provide  a good  match  to  the  f/#  of  a telescope.  A 
variant  of  the  dual  slot  antenna  that  is  sensitive 
to  dual  polarizations  has  been  developed  by 
Chattopadhyay  and  Zmuidzinas  [6]. 


Figure  4 : 32  x 32  array  of  silicon  nitride  meshes 


Antenna-Coupled  VSB  Arrays 


Superconducting  niobium  microstrip  is  used  to 
feed  the  antenna.  Superconducting  microstrip  is 
very  low  loss  for  frequencies  well  below  that 
corresponding  to  twice  the  gap  energy  of  the  super- 
conductor. Niobium  is  in  this  regime  for  the  fre- 
quencies of  this  design  (150-300GHz). 


Band  defining  planar  filters  will  be  fabricated  in 
niobium  microstrip.  There  is  a considerable 
amount  of  knowledge  regarding  the  design  of  these 
filters  in  the  literature.  After  filtering,  the 
transmission  line  is  terminated  with  a load  resistor 
on  a suspended  nitride  VSB.  This  places  the  load 
in  good  thermal  contact  with  the  superconducting 
thermistor. 


We  are  currently  working  to  build  a prototype 
antenna-coupled  pixel.  The  highly  integrated  na- 
ture of  the  design  should  make  it  easily  scalable  to 
very  large  arrays.  Since  the  microstrip  is  low  loss, 
it  can  be  used  to  route  the  RF  to  the  perimeter  of 
the  antenna  array,  where  there  is  significant  room 
for  the  filters,  bolometers,  and  SQUID  readout. 


Using  an  antenna  to  couple  optical  power  into  a 
bolometer  offers  some  advantages.  The  antenna 
pattern  can  be  used  to  control  the  solid  angle  visible 
to  the  bolometer  much  as  a hom  does  but  with 
much  greater  scalability.  The  transmission  line 
typically  used  to  feed  the  antenna  can  also 
incorporate  filters,  further  integrating  the  required 
optical  components  onto  the  substrate.  Planar 
antennas  are  also  polarization  sensitive,  which  can 
be  quite  useful  for  some  experiments.  One 
potential  application  is  the  measurement  of  the 
polarization  of  the  cosmic  microwave  background. 
We  are  currently  developing  an  antenna  coupled 
bolometer  design  using  planar  antennas, 
transmission  line  filters,  and  lithographed  VSBs. 


Frequency  Domain  SQUID  Multiplexer 

Far- infrared  to  millimeter  wave  telescopes  can 
accommodate  103-104  element  arrays,  but  a readout 
multiplexer  will  be  required  to  instrument  such 
arrays.  The  complexity  and  heat  load  of  the  read- 
out limits  the  number  of  bolometers  in  current  array 
receivers  to  ~102.  A multiplexer  can  alleviate  these 
problems  by  allowing  one  readout  channel  to 
service  several  pixels,  thus  reducing  the  wire  count 
required  for  a given  number  of  pixels.  The  SQUID 
readout  of  a VSB  is  well  suited  to  multiplexing 
schemes  due  to  its  low  noise  and  high  bandwidth. 
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Figure  5 : (a)  Schematic  of  the  eight  channel 
multiplexer  (b)  photograph  of  the  test  device  (c) 
close-up  of  the  center  of  one  of  the  niobium 
transformers 


We  have  developed  a frequency  domain  single 
SQUID  readout  multiplexer  suitable  for  use  with 
superconducting  bolometers  [7].  A schematic  of  an 
8 channel  multiplexer  using  this  design  is  pictured 
in  Figure  5a.  Each  bolometer  is  AC  biased  at  a 
different  frequency  and  they  are  then  coupled  to  a 
superconducting  summing  loop  with  a transformer. 
The  current  in  the  loop  is  measured  with  a SQUID 
ammeter.  The  individual  signals  are  recovered  by 
lock-in  detection  at  the  output  of  the  SQUID 
electronics.  The  current  in  the  summing  loop  is 
nulled  by  feedback  to  prevent  crosstalk  between  the 
detectors. 


We  fabricated  an  eight  channel  multiplexer  as 
depicted  by  the  schematic  in  Figure  5 a. 
Photographs  of  an  actual  chip  are  shown  in  figure 


frequency  (kHz) 

Figure  6 : Spectral  density  of  SQUID  output 
with  all  8 channels  AC  biased 


5b  and  5c.  The  transformers  and  summing  loop  are 
made  of  thin  film  niobium.  The  transformers 
consist  of  two  intertwined  spiral  coils  over  a split 
niobium  washer  to  maximize  magnetic  coupling.  A 
Si02  insulating  layer  separates  the  niobium  layers. 
The  summing  loop  is  connected  to  the  SQUID 
input  coil  via  niobium  wirebonds. 


The  multiplexer  was  tested  at  4.2K,  at  which 
temperature  the  niobium  is  superconducting. 
Resistors  were  used  as  simulated  bolometers  and 
bias  was  applied  at  frequencies  ranging  from  ~2- 
1 0kHz.  The  bias  frequencies  were  spaced  so  as  to 
avoid  the  overlap  of  harmonics.  The  spectral 
density  of  the  SQUID  output  can  be  seen  in 
Figure  6. 


In  order  to  simulate  an  actual  bolometer  signal, 
seven  of  the  eight  channels  were  2%  AC  modulated 
at  unique  low  frequencies  from  1.6  to  19Hz.  The 
eighth  channel  was  not  modulated  in  order  to 
simulate  a no  signal  condition.  The  individual  sig- 
nals were  recovered  by  locking  in  to  the  bias 
frequency  for  the  channel  of  interest.  The  spectral 
density  of  the  lock-in  output  is  shown  in  Figure  7 
for  one  of  the  channels  with  a simulated  signal 
(upper  trace)  and  the  eighth  channel  with  no 
simulated  signal  (lower  trace).  A crosstalk  of  < 1% 
was  measured,  which  may  be  due  to  the  drive  elec- 
tronics. 


Current  work  on  the  multiplexer  involves  a new 
design,  which  will  operate  at  significantly  higher 
bias  frequencies  making  it  suitable  for  faster 
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bolometers.  We  are  also  working  to  incorporate 
filters  at  the  input  of  each  channel  in  order  to  pre- 
vent the  broadband  Johnson  noise  of  each  detector 
from  affecting  the  other  detectors  on  the  same 
summing  loop. 
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Figure  7 : Spectral  density  of  lock-in  detected 
SQUID  output  referenced  to  (a)  Channel  5 
(simulated  signal)  and  (b)  Channel  8 (no  signal) 
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Abstract:  Single-photon  detector  (SPD) 
with  GHz  counting  rate  for  infrared  range, 
based  on  the  supercurrent-assisted  hotspot 
effect  in  a superconducting  NbN  thin-film 
microstructure  has  been  developed.  A 
photon-induced  hotspot  leads  to  temporary 
formation  of  a resistive  barrier  across  the 
narrow  superconducting  sensor  stripe  and 
results  in  an  easily  measurable  voltage 
pulse.  Subsequent  hotspot  healing  in  <100 
ps  time  frame,  restores  the  superconductivity 
( zero-voltage  state),  and  the  detector  is 
ready  to  register  another  photon.  It  exhibits 
an  experimentally  measured  intrinsic 
quantum  efficiency  up  to  -20%  and 
negligible  dark  counts.  Spectral  dependence 
of  the  photoresponse  is  presented. 


I.  Introduction 

Single-photon  detection  is  the 
ultimate  sensitivity  limit  on  any  radiation 
detector.  While  single-photon  detectors 
(SPD)  for  the  x-ray  to  the  visible  photon 
counting  are  currently  commonplace  using 
photomultiplier  tubes1  or  quantum 
semiconductor  avalanche  photodiodes2, 
detection  of  single  infrared  photons  remains 
a major  technological  challenge  because 
infrared  photons  carry  significantly  less 
energy  than  those  of  visible  light,  making  it 
difficult  to  engineer  an  efficient  electron 
cascade.  The  most  successful  silicon 
avalanche  photodiodes  have  a spectral 
sensitivity  limited  to  below  1 pm,  restricted 
by  the  Si  bandgap,  while  photodiodes  based 
on  narrow-gap  semiconductors  currently 
exhibit  unacceptably  large  dark  counts. 
Vacuum  photomultipliers  are  bulky  and 
have  extremely  low  quantum  efficiency  for 
above- 1 -pm- wavelength  photons.  Finally, 
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the  most  recently  proposed  far-infrared 
detectors  based  on  single-electron 
transistors3  are  slow  and  require  millikelvin 
temperatures  and  tesla-level  magnetic  fields. 
New  superconducting  devices  are  the  natural 
choice  for  fast  and  ultrasensitive  infrared 
detection,  because  of  their  quantum  nature 
and  low-noise  cryogenic  operation 
environment.  The  superconducting  energy 
gap  2A  is  two  to  three  orders  of  magnitude 
lower  than  in  a semiconductor;  thus,  the 
photon  absorption  in  a superconducting 
detector  creates  an  avalanche  electron  charge 
two  to  three  orders  of  magnitude  higher  for 
the  same  photon  energy.  This  results  in  an 
enhanced  resolution  in  energy-resolving 
devices,  such  as  superconducting  tunnel 
junctions4’5,  and  extends  the  range  of 
detectable  energies  well  into  the  infrared 
range  for  photodetectors6.  In  addition,  as  we 
have  recently  demonstrated,  energy 
relaxation  time  constants  of  excited 
electrons  in  superconductors  are  in  the 
picosecond  range  for  both  the  low- 
temperature7  and  high-temperature8 
superconductors,  assuring  the  gigahertz 
repetition  rate  for  superconducting  photon 
counters. 

We  have  developed  simple  to 
manufacture,  easy  to  operate, 
superconducting  SPD’s.  The  approach  that 
we  present  is  to  use  the  hot-electron 
photoresponse  in  a superconducting  NbN 
thin-film  microstructure  with  a large  active 
area.  This  type  of  device  is  characterized  by 
a very  fast  response  time  (down  to  -30  ps), 
high  intrinsic  quantum  efficiency  (up  to 
20%),  and  negligible  dark  counts. 

The  SPD’s  detection  mechanism  is 
based  on  supercurrent-assisted  hotspot 
formation  of  a resistive  barrier  across  a very 
narrow  superconducting  stripe,  kept  at  the 
temperature  well  below  the  material’s 
superconducting  transition  rc~ll  K for 
NbN.  The  hotspot  formation  process 


includes  formation  of  phase-slip-centers 
(PSC)  and  results  in  a large  (above  1 mV), 
easily  measurable  voltage  signal. 

II.  Device  fabrication  and  geometry 

We  use  nominally  0.1-0.2-pm-wide 
meandering  strip  patterned  from  ultrathin  (5- 
nm-thick)  NbN  films  deposited  on  sapphire 
substrate  by  reactive  dc  magnetron 

sputtering  in  an  Ar  + N2  gas  mixture9.  NbN 
meander  type  microstructures  that  cover 
either  4 pm  by  4 pm,  or  10  pm  by  10  pm 
active  areas  were  patterned  with  using  of 
electron  beam  lithography  technique.  SEM 
image  of  the  4x4  pm  area  device  is 
presented  in  Fig.  1.  We  used  short  single 
stripe  devices  with  sizes  either  0.1x0.  lpm 
and  0.2x.02  pm  as  well. 


Fig.  1 . SEM  image  of  a meander-type  SPD 
structure  with  4x4  pm  area. 

III.  Experimental  Setup 

In  our  experiments,  a NbN  SPD  was 
mounted  on  a cold  plate  ( T = 4.2  K)  inside 
an  optical  cryostat.  We  used  two  cold  glass 
filters  to  block  the  room  temperature 
background  radiation  falling  on  the  sample. 
The  sample  was  dc  biased  and  mounted  on  a 
rigid  coplanar  transmission  line  with  the  ac 
output  connected  to  a cryogenic  low-noise 


463 


12"'  International  Symposium  on  Space  Terahertz  Technology- 


amplifier  with  the  input  cryogenic  isolator, 
characterized  by  30-dB  gain  and  1 -2  GHz 


Fig.  2.  Experimental  Setup. 

bandwidth  (Fig.  2).  Outside  the  dewar,  the 
signal  passed  through  a second  broadband 
power  amplifier  (9  GHz;  20-dB  gain)  before 
going  to  a 6-GHz  or  12  GHz-bandwidth 
single-shot  oscilloscopes  for  display  and 
then  to  a 200-MHz  voltage-level  threshold 
counter  for  real-time  event  counting  and 
statistical  analysis.  We  worked  with  100-fs- 
wide  optical  pulses  with  a 1-kHz  repetition 
rate  at  0.4  pm,  0.81  pm,  1.55  pm,  and  2.1 
pm  wavelengths.  The  intensity  of  the  laser 
pulses  was  attenuated  using  banks  of  neutral 
density  filters.  The  diameter  of  the  beam 
incident  on  the  device  was  ~ 50  pm. 
Wavelength  dependencies  of  quantum 
efficiency  were  measured  using  grating 
spectrometer,  or  interferometric  filters,  and 
CW  radiation  source. 

IV.  Experimental  Results  and  Discussion. 


The  device  is  normally  biased  in  the 
superconducting  (zero-resistance)  state.  The 
dashed-line  section  of  the  resistive 
characteristics  corresponds  to  the  metastable 
region  (which  cannot  be  accessed  under  dc 
operating  conditions)  when  the  device  is 
connected  to  a 50  Q load  of  the  output 
coaxial  line,  biased  below  its  critical  current 
Jo  and  no  light  is  incident  upon  the 

microbridge.  The  device  Ic  typically  is 

within  range  of  40-120  pA,  while  the 
normal-state  resistance  is  equal  to  300-500Q 
for  0.2x0.2  and  O.lxO.lp2  single  strip 
devices,  and  50-70  k£2  for  meander  type 
10x10  pm  device.  For  a device  biased  near, 
but  below  Jo  photon  absorption  leads  to  a 

temporary  switch  from  the  stable 
superconducting  state  (point  A in  Fig.  3)  to 
the  sub-critical  resistive  state  (point  B in 
Fig.  3).  As  a result,  we  observe  a voltage 
pulse  whose  amplitude  corresponds  to  the 
voltage  level  at  point  B,  and  time  duration 
that  depends  on  the  dynamics  of  formation 
and  subsequent  healing  of  the  resistive  state 
induced  by  the  photon  absorption.  This 
process  is  reversible  due  to  the  metastable 
character  of  the  sub-critical  state. 


The  current-voltage  (/-V) 
characteristics  of  a NbN  0.2x0.2pm2 
microbridge,  operated  at  4.2  K,  is  shown  in 
Fig.  3. 


Fig.  3. 1-V  curve  of  SPD. 

The  dynamics  of  the  hotspot 
formation  in  a superconductor  at 
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temperature  T below  its  critical  temperature 
Tc , has  been  described  before10  and  studied 

in  details  in  Ref.  1 1 . Absorption  of  a photon 
with  energy  h co  » 2A  creates,  through 
electron-electron  and  electron-Debye- 
phonon  interactions,  a local  nonequilibrium 
perturbation  with  a large  number  of  excited 
hot  electrons  (above  300  for  NbN,  excited 
with  800-nm  wavelength  light6),  and  an 
increase  of  the  average  electron  temperature 
above  Tc.  This  initial  phase  is  called  the 

thermalization  process  and  for  ultrathin  NbN 
films  is  characterized  by  the  thermalization 
time  t = 6.5  ps7.  The  thermalization  process 

results  in  the  formation  of  a hotspot — a local 
nonsuperconducting  region  (Fig.  4a).  After 
the  initial  thermalization,  the  resistive 
hotspot  size  grows  (Fig.  4b)  as  hot  electrons 
diffuse  out  of  its  hotspot  region.  At  the  same 
time,  the  supercurrent  is  expelled  from  it’s 
the  hotspot  volume  and  is  concentrated  in 
the  “sidewalks”  between  the  hotspot  and  the 
edges  of  the  film  (Fig.  4c).  The  microbridge, 
however,  still  shows  no  resistance,  unless 
the  bias  current  I.,  is  sufficient  to  exceed 

bias 

the  critical  current  in  the  sidewalks.  In  this 
latter  case,  superconductivity  in  the 
sidewalks  is  destroyed,  and  the  resistive 
barrier  is  formed  across  the  entire  width  w of 
the  device  (Fig.  4d),  giving  rise  to  a voltage 
signal  with  amplitude  proportional  to  the 
barrier  resistance.  Resistance  of  normal 
areas  is  determined  by  the  length  of  PCS 
appeared  in  sidewalk  areas,  which  is  close  to 
double  charge-imbalance  length.  From  the 
other  hand  charge  imbalance  length  is 
determined  by  the  inelastic  scattering  length, 
which  is  close  to  characteristic  electron- 

n 

phonon  length  in  NbN  . As  the  result,  each 
the  resistive  area  in  NbN  SPD  has  the  length 
of  an  electron-phonon  length.  The  normal 
resistance  areas  formation  process  competes, 
with  the  cooling  process,  as  electrons 
diffusing  out  the  hotspot  loose  their  energy 


through  electron-phonon  scattering.  Thus, 
after  the  time  depending  on  both  the 
diffusion  rate  and  the  quasiparticle 
relaxation  dynamics,6  the  hotspot  heals 
itself,  leading  to  the  restoration  of  the 
superconducting  path  along  the  microbridge. 


2 h 

c d 


22509a 

Fig.4.  Schematics  of  a supercurrent-assisted 
hotspot  formation  mechanism  in  an  ultrathin 
and  narrow  superconducting  stripe. 

As  a result  of  the  hotspot  creation 
and  relaxation  processes,  the  device 
switches  temporarily  between  the 
superconducting  and  resistive  states  (points 
A and  B in  Fig.  3)  and  a voltage  pulse  is 
generated  at  the  device  terminals.  The 
physical  difference  between  our  current- 
assisted  single-photon  detection  mechanism 
and  an  earlier  proposed  hotspot 
mechanism10  is  that  our  response  is  due  to  a 
collaborative  effect  of  the  bias  current  and 
the  radiation  quantum,  leading  to  a 
comparably  large,  easily  measurable  output 
voltage  signal.  We  note  that  the  current- 
assisted  hotspot  process  creates  a nonlinear, 
multidimensional  space  of  operating 
parameters,  such  as  w,  L h co , and  T. 

The  time-resolved  response  of  our 
SPD  is  shown  in  Fig.  5.  The  signal  has  a 
pulse  width  of  below  100  ps,  with  the 
signal-to-background-noise  ratio  of  above 
100:1,  and  shot-to-shot  jitter  of  less  than  30 
ps.  The  measured  bandwidth  of  the  output 
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pulse  was  limited  by  the  bandwidth  of  our 
chain  of  output  amplifiers  and  the 
oscilloscope  bandwidth.  With  the  proper 
bandwidth  of  the  output  data  acquisition 
system,  it  is  possible  to  reach  the  intrinsic 


Fig.  5.  Time-resolved  SPD  response. 

Truly  single-photon  counting 
requires  that  the  photon  detection  probability 
is  a linear  function  of  the  number  of  photons 
incident  on  the  device.  For  a mean  number 
of  m « 1 photons  per  pulse  (far  below 
detector  saturation),  the  probability  P(n)  of 
absorbing  n photons  from  a given  pulse  is 
proportional  to 

a) 

Consequently,  the  probability  of  absorbing 
one  photon  is  proportional  to  m,  the 
probability  of  detecting  two  photons  is 

proportional  to  m 2,  the  probability  of 
detecting  three  photons  is  proportional  to 
and  so  on. 


Fig.  6.  Counting  rate  and  probability  vs. 
average  number  of  photons  per  pulse 
(0.2x0.2pm  device). 

Figure  6 shows  the  probability  of  the 
detector  producing  an  output  voltage  pulse 
as  a function  of  the  average  number  of 
photons  per  pulse,  incident  on  the  device 
area  for  two  different  values  of  1.  . The  left 

bias 

vertical  axis  in  Fig.  6 indicates  the  number 
of  detector  counts  per  second  (equivalently, 
per  1000  laser  pulses),  based  on  the  average 
number  of  counts  detected  by  SPD  over  a 
10-s  counting  period  for  the  highest  photon 
doses,  and  up  to  1000  s for  the  lowest.  The 
right  vertical  axis  corresponds  to  the  count 
rate,  probability  of  detecting  an  optical 
pulse.  Open  squares  correspond  to  the  SPD 
performance  when  it  was  biased  at  0.92  Ic. 

There  is  saturation  at  high  incident 
photon  fluxes,  but  for  smaller  fluxes,  the 
experimental  data  show  the  linear  decrease 
of  detection  probability  versus  the  average 
number  of  incident  photons  over  four  orders 
of  magnitude,  which  unambiguously 
demonstrates  the  single-photon  detection.  At 
very  low  photon  doses,  our  experimental 
data  points  leveled  off  at  0.4  counts/sec, 
which  must  be  regarded  as  the  laboratory 
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photon  background  noise.  The  intrinsic  dark 
count  rate  of  our  SPD  was  below  0.001 
counts/sec,  which  corresponds  to  the  number 
of  detector  responses  over  the  time  of  1000 
sec  when  its  input  was  completely  blocked. 
The  above  limit  was  set  by  the  long-term 
stability  of  our  dc  biasing  box.  We  strongly 
believe  that  the  intrinsic  dark  count  of  our 
device  is  significantly  lower  and  should  be 
limited  by  electron  thermal  fluctuations.  The 
system  noise  temperature  of  our  SPD, 
including  the  cryogenic  amplifier,  is  below 
15  K,  which  yields  to  voltage  fluctuations 
several  orders  of  magnitude  below  our  signal 
levels.  From  Fig.  6,  we  can  estimate  that  the 
quantum  efficiency  (QE)  of  our  NbN 
microbridge  device  is  20%,  as  the  value 
corresponding  to  the  probability  of  detecting 
a pulse  containing  an  average  of  one  photon 
incident  upon  the  device.  The  practical 
detection  efficiency  of  our  SPD  is,  of  course, 
is  determined  by  SJS.  ratio  of  the  tested 

structure.  Using  proper  coupling  optics,  the 
incident  photon  beam  could  be  focused  to  a 
diffraction-limited  spot  size. 

The  solid  squares  in  Fig.  6 
correspond  to  the  same  device,  operated 
under  the  same  conditions  as  those  for  the 
open-square  data,  but  with  7bias  = 0.8  7C.  We 

note  immediately  that  our  experimental  data 
points  now  follow  a quadratic  dependence  of 
detection  probability  showing  the  two- 
photon  detection  [see  Eq.  (1)].  As  expected, 
for  a two-photon  process  its  QE  is 
significantly  lower  than  that  for  the  single- 
photon detection  and  is  approximately  equal 
to  1%.  At  the  same  time  we  do  not  see  the 
laboratory  photon  background  noise  since 
the  probability  of  two  stray  photons  arriving 
at  the  device  at  the  same  time  (more 
accurately,  within  the  hotspot- 
formation/healing  process)  is  negligibly 
small. 


Spectral  dependencies  of  QE  for  two 
meander-type  devices  with  4x4  pm  area  size 
are  presented  in  Fig.  7.  As  it  can  be  seen, 
both  dependencies  have  an  exponential 
character  with  the  same  slope. 


Fig.  7.  Spectral  dependence  of  quantum 
efficiency  (meander- type  devices). 

We  have  found  from  our  studies  of  AFM 
images  of  devices  that  the  absolute  QE 
values  are  in  good  correlation  with  the 
nonuniformity  level  of  superconducting 
stripe  edges.  An  origin  of  exponential 
behavior  of  the  QE  (X)  needs  in  future 
studies. 

In  conclusion,  we  have  demonstrated 
that  a supercurrent-assisted,  hot-spot- 
formation  mechanism  can  be  implemented 
in  ultrathin  NbN  stripes  for  ultrafast  single- 
photon detection  and  counting  of  visible  and 
infrared  photons  with  experimentally 
measured  quantum  efficiency  up  to  20%  and 
negligible  dark  counts.  The  bandwidth- 
limited  measured  response  time  was  -100 
ps,  corresponding  to  a 10-GHz  photon 
counting  rate.  Already  identified 
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applications  for  our  superconducting  SPD’s 
range  from  sensing  ultraweak 
electroluminescence  from  submicron 
complementary  metal-oxide-semiconductor 
VLSI  circuits13,  to  NASA  high-data-rate  and 
data-capacity  free-space  optical 
communication  systems  for  planetary 
exploration  and  earth-orbiting  missions54. 
Our  devices  are  also  envisioned  to  be  the 
heart  of  quantum  communication  systems, 
which  allow  for  the  implementation  of 
unconditionally  secure  quantum  key 
distribution  for  high-speed,  real-time 
Vemam  enciphering  of  large  volumes  of 
data15. 
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ABSTRACT 

We  propose  a concept  of  the  background-limited  detector  for  submillimeter 
radioastronomy  that  will  have  the  noise  equivalent  power  « 10'21  W Hz',/2  when  operated 
at  0.3  K and  exposed  to  thermal  background  radiation  with  an  equivalent  temperature  of 
4 K.  The  detector  is  based  upon  the  superconducting  photon  counter  from  Titanium  film 
integrated  into  a planar  logarithmic  antenna.  The  planar  layout  makes  feasible  integration 
of  the  device  in  a detector  array. 


Introduction 

Future  radioastronomy  missions  will  require  detectors,  which  provide  ultimate 
(background  limited)  sensitivity  in  the  submillimeter  wavelength  range  even  when 
exposed  to  relatively  weak  background  radiation.  In  comparison  with  different  detection 
regimes,  the  photon  counting  regime  is  by  definition  the  one  having  ultimate  sensitivity. 
There  has  been  recently  proposed  [1]  a single-photon  detection  mechanism  in  a current 
carrying  superconducting  film  That  may  become  a basement  for  the  development  of  the 
novel  detector  meeting  observation  requirements.  The  mechanism  of  the  photon  detection 
is  the  following.  Photon  absorbed  in  the  superconducting  film  creates  growing  normal 
spot  that  forces  the  current  to  bypass  the  absorption  site.  When  the  current  density  in  the 
superconducting  areas  reaches  the  critical  value,  the  film  switches  into  the  resistive  state 
and  generates  the  voltage  pulse.  Operation  of  NbN  photon  counter  [2]  has  been  recently 
demonstrated.  Both  theoretical  estimate  [1]  and  extrapolation  of  experimental  data  [3] 
show,  however,  that  the  NbN  counter  will  have  a cutoff  wavelength  for  the  single  photon 
detection  regime  of  about  1 0 pm.  Implementation  of  low-transition-temperature 
superconducting  materials  and  subkelvin  operation  temperatures  will  shift  the  cutoff 
wavelength  towards  submillimeter  range.  Here  we  present  estimates  of  the  performance 
of  the  Ti  based  quantum  detector  for  radiastronomy  and  first  results  of  device 
manufacturing  and  characterization. 


E-mail  addresses:  goltsmanOO@mail.ru  : Alexei.Semenov@dlr.de 
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Operation  Principle  of  the  Superconducting  Quantum  Detector 

The  key  element  of  the  quantum  detector  is  a superconducting  film  patterned  into 
a narrow  strip,  which  is  biased  along  its  length  with  the  current  slightly  less  than  the 
critical  current  at  the  operation  temperature.  The  film  thickness  should  be  comparable  or 
smaller  than  its  width.  In  order  to  have  significant  coupling  with  radiation,  the  strip 
should  be  integrated  into  a planar  antenna  or  form  the  meander-line  covering  the  area 
larger  than  squared  wavelength.  Once  a photon  is  absorbed  at  some  point  in  the  strip,  it 
produces  a high-energy  electron,  which  then  shares  its  energy  with  low-energy  electrons 
by  means  of  electron-electron  and  electron  phonon  interaction.  The  process  is  commonly 
called  multiplication,  since  the  number  of  low-energy  unpaired  electrons  grows  in  time. 
The  maximal  number  of  additional  electrons  appearing  in  the  film  per  one  absorbed 
photon  is  referred  as  quantum  yield  or  quantum  efficiency.  This  figure  increases  in 
proportion  to  the  ratio  of  the  quantum  energy  and  the  superconducting  energy  gap.  At  any 
point  in  the  film,  the  concentration  of  impaired  electrons  increases  due  to  multiplication 
and  decreases  due  to  out-diffusion.  Once  their  concentration  has  exceeded  the  value 
specific  for  the  normal  state  at  T=Tc  (7c  is  the  superconducting  transition  temperatire), 
unpaired  electrons  suppress  the  energy  gap  and  destroy  superconductivity.  The  normal 
spot  appears  at  a position  where  the  photon  has  been  absorbed.  This  forces  the 
supercurrent  to  flow  around  the  spot  through  still  superconducting  portion  of  the  film. 
With  the  increase  of  the  spot  size  the  current  density  in  the  superconducting  sidewalks 
increases  and  reaches  the  critical  value.  At  this  very  moment  the  resistive  “membrane”  is 
formed  across  the  cross-section  area  of  the  film,  giving  rise  to  the  voltage  pulse  with  the 
magnitude  proportional  to  the  bias  current.  Thus,  the  response  appears  due  to 
collaborative  effect  of  the  bias  current  and  the  growing  normal  domain. 

From  this  simple  description  one  can  see  that  the  ability  of  the  detector  to  register 
a single  photon  is  the  trade-off  between  the  film  width,  the  bias  current,  and  the  photon 
energy.  The  minimal  film  width  is  restricted  to  approximately  100  nm  by  available 
structuring  technology.  The  magnitude  of  the  bias  current  is  limited  by  thermal 
fluctuations  and/or  by  fluctuations  of  the  superconducting  phase.  To  achieve  the 
background  limited  performance;  fluctuations  of  the  critical  current  should  be  less  than 
the  difference  between  the  critical  current  and  the  bias  current.  In  this  case,  the  detector 
noise  equivalent  power  is  limited  by  phase  fluctuations,  which  produce  voltage  pulses 
(dark  counts)  indistinguishable  from  those  resulted  from  absorbed  photons. 

Since  the  quantum  efficiency  drops  with  the  increase  of  the  wavelength,  there  is  a 
cutoff  wavelength  for  the  above  described  detection  mechanism.  Low  energy  photon  can 
not  produce  the  concentration  of  unpaired  electrons,  which  is  sufficiently  large  in  order  to 
suppress  superconductivity.  For  NbN  quantum  detector,  the  cutoff  occurs  in  the  near 
infrared  spectral  range.  The  quantum  efficiency,  however,  turns  to  be  larger  in  a 
superconducting  material  with  smaller  transition  temperature,  because  the 
superconducting  energy  gap  decreases  with  the  transition  temperature.  The  normal-state 
concentration  of  the  electrons,  which  should  be  reached  during  multiplication  in  order  to 
destroy  superconductivity,  also  decreases  with  the  transition  temperature.  Thus,  the  use  of 
a material  with  smaller  transition  temperature  will  shift  the  cutoff  towards  longer 
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wavelength.  Provided  a sufficiently  high  optical  coupling,  such  a detector  may  compete 
with  traditional  background  limited  thermal  detectors  in  the  submillimeter  wavelength 
range. 


Quantum  Detector  from  Titanium:  Performance  simulation 


We  simulate  major  figures  of  merit  for  the  detector  from  Ti  superconducting  film 
making  use  of  the  model  described  in  Ref.  1.  We  do  not  know  some  of  required  film 
parameters.  Although  this  increases  uncertainty  of  the  estimate,  we  believe  that  our 
results  are  quite  realistic.  We  took  the  density  of  states  for  bulk  Titanium  [4]  and  the 
Bardeen-Cooper-Schrieffer  (BCS)  energy  gap.  The  electron-electron  interaction  time  at 
the  Fermi  level  was  calculated  in  the  extreme  dirty  limit  [5]  using  the  expression 


r”1  = —2—RsTc  In 
“ 4 hRq  5 c 


R 


s J 


0) 


where  Rq  = h/(4e  ) = 6.47  kQ  is  the  resistance  quanta  and  Rs  is  the  sheet  resistance  of  our 
films.  Electron  diffusivity  was  concluded  from  the  Lorentz  number  and  the  value  [4]  of 
the  Sommerfeld  constant  6.8-10"4  J cm'3K'2  for  bulk  material.  The  Table  below  contains 
the  material  parameters,  which  we  used  for  simulation. 


Table  1 Material  parameters  of  titanium  films. 


Transition 

Energy  gap 

Electron-electron 

Electron 

Electron 

temperature 

. atT  = 0 

interaction  time 

density  of  states 

diffusivity 

0.6  K 

1.06  K 

400  psec 

6.8  1024m'3K‘1 

0.4  cm2sec'1 

The  cutoff  wavelength  for  Ti  and  NbN  films  at  different  bias  currents  and  strip  widths  is 
shown  in  Fig.  1 for  the  operation  temperature  0.5  T&  Material  parameters  of  NbN  films 
were  taken  from  [1].  The  film  thickness  was  assumed  5 nm  in  both  cases.  According  to 
our  estimate,  a detector  from  Titanium  should  provide  at  least  an  order  of  magnitude 
larger  cutoff  wavelength  than  NbN  photon  counters. 

Photon  counting  regime  brings  peculiarities  into  the  signal  processing  that  do  not 
allow  for  direct  comparison  of  thermal  detectors  (bolometers)  and  quantum  detectors  in 
terms  of  the  noise  equivalent  power.  We  examine  here  main  performance  figures  of  the 
Ti  quantum  detector  whereas  a detailed  analysis  of  the  counting  statistics  will  be 
published  elsewhere.  The  maximum  intensity  of  the  narrow-band  background  radiation, 
which  the  device  can  sustained  while  keeping  the  photon  counting  capability,  is  given  by 
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FIG.  1 Cutoff  wavelength  for  NbN  and  Ti  quantum  detectors.  Bias  current  is 
plotted  in  units  of  the  critical  current  at  the  operation  temperature. 


the  expression  rjhv/At  where  At  = 0.2  ree  is  the  duration  of  the  response  voltage  transient, 
rj  is  the  optical  coupling  efficiency,  and  hv  is  the  quantum  energy.  Assuming  100-pm 
cutoff  wavelength  and  typical  optical  coupling  -10  dB,  which  has  been  demonstrated  [6] 
for  an  integrated  antenna  in  this  wavelength  range,  we  obtain  an  upper  limit  of  2-10'10  W 
for  the  background  radiation  power.  For  a diffraction  limited  antenna  with  the  6-mm 
effective  aperture  [6],  this  power  corresponds  to  the  42-K  thermal  background  and  results 
in  the  background  limited  noise  equivalent  power  (NEP)  1.2-1  O’15  W Hz'l/2.  The  smallest 
power,  at  which  the  detector  still  has  background  limited  sensitivity,  is  determined  by  the 
dark  count  rate.  Provided  that  the  bias  current  is  sufficiently  small  in  order  to  prevent 
switching  of  the  film  into  the  normal  state  due  to  thermal  fluctuations,  the  origin  of  dark 
counts  is  the  27t-slippage  of  the  superconducting  phase  leading  to  voltage  pulses  at  the 
device  outer  contacts.  According  to  [7],  the  probability  of  the  slippage  depends  on  the 
reciprocal  phase  relaxation  time  (Ginzburg-Landau  relaxation  time),  superconducting 
condensation  energy,  and  the  bias  current.  Additionally  taking  into  account  the 
dependence  of  the  condensation  energy  on  the  bias  current,  we  estimated  for  the  100-nm 
wide  Ti  film  biased  with  the  current  0.9  Ic  ( Ic  is  the  critical  current)  at  T—  0.5  Tc  the 
mean  dark  count  rate  » 102  sec'1.  For  100-pm  cutoff  wavelength  this  corresponds  to  the 
input  radiation  power  1.7-10'18  W.  The  same  count  rate  would  produce  quanta  of  the 
thermal  background  with  a temperature  of  6.3  K.  The  background  limited  NEP  decreases 
in  this  regime  to  5-1  O'20  W Hz*1/2.  Thus,  the  photon  detector  is  expected  to  provide 
background-limited  performance  within  the  dynamic  range,  which  approaches  eight 
orders  of  magnitude.  Further  decrease  of  the  background  radiation  intensity  does  not  lead 
to  a better  performance,  since  NEP  is  limited  by  dark  counts.  For  a photon  counter,  the 
effective  signal  integration  bandwidth  equals  the  reciprocal  chopping  frequency.  Since 
for  a statistical  ensemble  of  102  events  the  apparent  mean  square  deviation  does  not 
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practically  differ  from  the  deviation  for  an  infinite  number  of  events,  one  would  need  few 
second  observation  time  at  the  chopping  frequency  1 Hz  in  order  to  realize  the  best  noise 
equivalent  power. 

In  order  to  compare  our  detector  with  alternative  hot-electron  bolometer  detectors 
[8,9],  we  specify  also  the  noise  equivalent  power  transformed  to  the  device  input.  Setting 
the  optical  coupling  tj  = 1,  we  obtain  the  NEP  of  the  detector  itself  510*21  W Hz1/2.  The 
smallest  power  providing  background  limited  regime  will  be  1.7*1  O'19  W,  which 
corresponds  to  the  background  temperature  of  4 K for  the  100-pm  cutoff  wavelength.  It  is 
worth  noting  that  the  spectral  cutoff  of  our  detector  plays  the  role  of  a built-in  filter  that 
effectively  decreases  the  background  radiation  intensity  and,  correspondingly,  the  noise 
equivalent  power.  Without  the  cutoff,  the  full  power  absorbed  by  our  detector  from  4 K- 
background  would  be  21  O'1 5 W,  which  is  close  to  the  saturation  level  predicted  [9]  for 
hot-electron-bolometer  detectors. 


Manufacturing  and  characterization  of  the  detector 

Our  detector  is  a planar  device  fabricated  on  a silicon  substrate.  The  detector 
represents  a narrow  bridge  pattern  from  Ti  film.  The  bridge  connects  inner  terminals  of  a 
logarithmic  spiral  antenna  structured  from  gold  film  on  the  same  substrate.  Fabrication 
process  included  several  deposition  and  lithographic  stages.  At  the  first  stage  the  inner 
part  of  the  spiral  antenna  was  evaporated  by  electron-beam  sputtering  through  the  mask 
made  by  lift-off  electron-beam  lithography.  Thickness  of  the  inner  spiral  was  100  nm. 
The  gap  between  antenna  terminals  had  the  width  of  0.2  pm.  At  the  second  stage  Ti  film 
was  deposited  through  the  mask  made  by  electron-beam  lithography.  The  mask  opened  a 
rectangular  0.2-pm  width  and  2-jim  long  window  that  overlapped  the  gap  between 
antenna  terminals.  The  film  was  deposited  by  means  of  dc  reactive  magnetron  sputtering 
of  the  pure  Ti  target  in  argon  atmosphere  at  a pressure  of  10'2  mbar.  The  length  of  the 
bridge,  i.e.  the  active  area  of  the  detector,  was  0.2  pm  as  determined  by  the  gap  between 
the  antenna  terminals.  The  edges  of  the  Ti  strip  situated  on  the  gold  antenna  terminals, 
providing  electrical  contact  to  the  active  area.  Finally,  outer  part  of  the  spiral  antenna  and 
contact  pads  for  wiring  the  detector  were  made  from  200-nm  thick  gold  film  by  lift-off 
UV  lithography  and  thermal  evaporation.  SEM  image  in  Fig.  2 shows  the  layout  of  the 
central  part  of  the  detector. 

Detector  exhibited  a superconducting  transition  temperature  of  0.64  K and  0.53  K 
for  25  nm  and  30  nm  thick  Ti  bridge,  respectively.  In  both  cases  the  width  of  the 
superconducting  transition  was  less  than  0.02  K.  The  critical  current  density 
1.5103  A cm*2  measured  at  0.5  7c  was  noticeably  smaller  than  the  value  concluded  from 
the  BCS  theory.  The  reason  for  the  discrepancy  is  not  yet  clear.  We  shall  mention  here 
that  an  increase  of  the  critical  current  density  would  result  in  a larger  output  voltage 
transient,  thus  making  easier  the  signal  readout.  On  the  other  hand,  larger  bias  current 
would  hamper  the  noise  equivalent  power  because  the  dark  count  rate  exponentially 
grows  with  the  bias  current. 
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FIG.2  SEM  image  of  the  central  part  of  the  detector.  Ti  strip  (gray 
shadow  rectangle)  bridges  the  inner  terminals  of  the  spiral  antenna. 


Focal  Plane  Array  and  Readout 

The  planar  technology  makes  integration  of  our  detectors  into  a detector  array 
relatively  simple.  An  example  of  possible  array  architecture  is  shown  in  Fig.  3.  Detectors 
are  patterned  on  the  rectangular  or  hexagonal  grid  on  one  side  of  the  wafer,  which  carries 
an  antireflection  coating  on  the  irradiation  side.  The  second  wafer  containing  bias  lines 
and  SQUID  read-out  is  flip-chipped  to  the  first  one  carrying  detectors.  Assuming  a single 


FIG.  3 Focal  plane  quantum  detector  array  with  flip-chip  SQUID  readout. 
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pixel  with  the  diffraction  limited  size,  that  is  « 50  pm  for  silicon  wafer,  and  the 
hexagonal  grid,  we  estimate  the  5.3  mm  radius  of  the  104-pixel  array.  With  the 
corresponding  filling  factor  of  about  0.9,  the  optical  coupling  will  be  mostly  determined 
by  the  efficiency  of  individual  antennas.  However,  the  array  will  require  an  additional 
lens  or  mirror  to  convert  its  relatively  large  F-number  « 70  into  the  value  of  about  10, 
which  is  typical  for  telescopes.  Besides  the  lower  dissipated  power  in  comparison  to  solid 
state  amplifiers,  the  advantage  of  the  SQUID  readout  is  a larger  signal  to  noise  ratio.  This 
is  especially  important  when  detectors  are  biased  with  the  small  current  resulting  in  the 
magnitude  of  the  signal  transient  below  the  millivolt  level. 


Conclusion 

We  have  shown  that  the  novel  Ti  superconducting  quantum  detector  is  a 
prospective  single-pixel  element  for  submillimeter  focal  plane  detector  arrays.  Our 
detector  offers  background  limited  sensitivity  in  the  range  of  background  intensity  much 
broader  than  hot-electron  bolometers,  while  its  noise  equivalent  power  at  a weak 
background  should  be  comparable  or  better  than  NEP  projected  for  hot-electron  devices. 
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SIS  photon  detectors  for  submillimeter-wave  observations 
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We  propose  to  use  superconducting  direct  detectors  (SIS  photon  detectors)  for  future  instruments 
for  submillimeter- wave  wide  field  imaging  arrays.  Using  low  leakage  (less  than  lOpA) 
superconducting  tunnel  junctions,  it  is  possible  to  realize  submillimeter-wave  direct  detectors  with 
noise  equivalent  power  of  less  than  10A(-17)W/HzA(0.5).  We  have  evaluated  leakage  current  and 
current  noise  of  4micron  niobium  SIS  junctions  with  current  density  of  0.5-lkA/cmA2  at  0.3K.  The 
measured  leakage  current  is  5pA  at  0.5mV  and  current  noise  is  1.5fA/HzA(0.5)  with  white  noise 
spectrum  down  to  5 Hz.  Antenna  coupled  SIS  photon  detector  is  designed  as  a distributed  junction 
arrays,  which  is  expected  to  gives  good  matching  in  wide  frequency  range  in  submillimeter- wave  with 
low  current  density  junctions. 

Since  the  leakage  current  of  the  niobium  junction  saturates  at  about  0.9K,  the  operating  temperature 
of  the  detector  can  be  0.9K,  which  greatly  ease  cooling  and  readout  electronics  requirements.  Further 
advantage  over  bolometric  detectors  come  from  their  thin  film  fabrication  process  and  direct  photon 
sensitivity.  Because  of  the  thin  film  fabrication  process,  the  uniformity  of  the  junction  is  good  and 
large  format  array  can  be  realized  rather  easily,  and  would  be  less  affected  by  cosmic  rays.  Because  of 
the  direct  photon  sensitivity,  excess  noise  by  temperature  fluctuation  or  electrical  interference  are  not 
critical  like  bolometric  detectors. 

Submil  lime  ter- wave  imaging  arrays  using  the  SIS  photon  detectors  have  been  designed  and  being 
fabricated.  The  arrays  will  be  evaluated  in  Atacama  Submillimeter  Telescope  Experiment. 
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InP  MMIC  Chip  Set  for  Power  Sources  Covering  80-170  GHz 
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ABSTRACT 

We  will  present  a Monolithic  Millimeter-wave  Integrated  Circuit  (MMIC)  chip  set  which 
provides  high  output-power  sources  for  driving  diode  frequency  multipliers  into  the 
terahertz  range.  The  chip  set  was  fabricated  at  HRL  Laboratories  using  a 0.1  -pm  gate- 
length  InAlAs/InGaAs/InP  high  electron  mobility  transistor  (HEMT)  process,  and 
features  transistors  with  an  fmax  above  600  GHz.  The  HRL  InP  HEMT  process  has  already 
demonstrated  amplifiers  in  the  60-200  GHz  rangefl].  In  this  paper,  these  high  frequency 
HEMTs  form  the  basis  for  power  sources  up  to  170  GHz. 

A number  of  state-of-the-art  InP  HEMT  MMICs  will  be  presented.  These  include 
voltage-controlled  and  fixed-tuned  oscillators,  power  amplifiers,  and  an  active  doubler. 
We  will  first  discuss  an  80  GHz  voltage-controlled  oscillator  with  5 GHz  of  tunability 
and  at  least  17  mW  of  output  power,  as  well  as  a 120  GHz  oscillator  providing  7 mW  of 
output  power.  In  addition,  we  will  present  results  of  a power  amplifier  which  covers  the 
full  WR10  waveguide  band  (75-110  GHz),  and  provides  40-50  mW  of  output  power. 
Furthermore,  we  will  present  an  active  doubler  at  164  GHz  providing  8%  bandwidth,  3 
mW  of  output  power,  and  an  unprecedented  2 dB  of  conversion  loss  for  an  InP  HEMT 
MMIC  at  this  frequency.  Finally,  we  will  demonstrate  a power  amplifier  to  cover  140- 
170  GHz  with  15-25  mW  of  output  power  and  8 dB  gain. 

These  components  can  form  a power  source  in  the  155-165  GHz  range  by  cascading  the 
80  GHz  oscillator,  W-band  power  amplifier,  164  GHz  active  doubler  and  final  140-170 
GHz  power  amplifier  for  a stable,  compact  local  oscillator  subsystem,  which  could  be 
used  for  atmospheric  science  or  astrophysics  radiometers. 

Material  produced  by  L.  Samoska  © 2001  California  Institute  of  Technology. 

Material  produced  by  V.  Radisic,  M.  Hu,  M.  Micovic,  P.  Janke,  & C.  Ngo  © 2001  HRL  Laboratories,  LLC. 
All  Rights  Reserved. 
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I.  INTRODUCTION 


The  140-170  GHz  frequency  range  is  interesting  for  atmospheric  science  heterodyne 
radiometers,  as  several  molecular  species  radiate  in  that  frequency  regime,  or  a multiple 
of  it.  A harmonic  mixer  could  make  use  of  a direct  local  oscillator  in  the  140-170  GHz 
range,  while  a subharmonic  mixer  operating  at  280  - 340  GHz  or  560  - 680  GHz  could 
be  pumped  with  a 140-170  GHz  LO,  or  such  an  LO  followed  by  a doubler.  Water  has  an 
important  spectral  line  at  557  GHz,  and  is  being  studied  in  the  future  MIRO  (Microwave 
Instrument  for  the  Rosetta  Orbiter)  mission,  using  a heterodyne  system  with  a Gunn 
oscillator  operating  at  140  GHz.  An  aircraft  instrument,  the  Cloud-Ice  Radiometer,  seeks 
to  study  ice  in  clouds  at  different  altitudes,  and  makes  use  of  a heterodyne  system  with 
local  oscillator  at  162.5  GHz.  Gunn  oscillators  are  increasingly  difficult  to  obtain 
commercially,  and  passive  multipliers  may  not  offer  high  enough  output  power  to  drive  a 
mixer  in  a heterodyne  receiver.  This  paper  discusses  an  InP  HEMT  chip  set  fabricated  at 
HRL  Laboratories,  LLC  which  could  provide  an  alternative  to  passive  components  for  a 
local  oscillator  source  in  the  140-170  GHz  frequency  range.  All  of  the  measurements 
discussed  here  were  obtained  on- wafer,  using  waveguide  RF  wafer  probes  [2], 


II.  OSCILLATORS 


The  first  component  of  the  chip  set  is  an  80  GHz  voltage  controlled  oscillator.  Other 
oscillators  in  this  frequency  range  are  included  in  [3,4],  A photograph  of  the  chip  is 
shown  at  left  in  Figure  1.  It  consists  of  a 4x37  pm  gate  periphery  HEMT  device  in  a 
common  source  configuration.  The  series  feedback  element  is  a CPW  transmission  line 
at  the  source.  The  varactor  element  is  the  gate-source  capacitance  of  a 4x25  pm  gate 
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Figure  1.  At  left,  the  chip  photograph  of  the  80  GHz  VCO  is  shown.  At  right,  the 
frequency  tuning  capability  as  a function  of  varactor  control  voltage  is  shown.  The 
diamonds  and  circles  represent  two  stable  operating  conditions  of  the  VCO,  depending  on 
the  direction  of  turning  on  the  varactor  voltage. 
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periphery  HEMT,  to  the  left  of  the  larger  a 4x37  pm  gate  periphery  HEMT.  The  larger 
HEMT  is  used  at  the  output  to  maximize  output  power.  The  varactor  capacitance  is 
varied  by  changing  the  gate  supply  voltage.  The  graph  at  right  in  Figure  1 shows  that  6 
GHz  of  tuning  is  obtained  by  changing  the  varactor  voltage.  The  output  power  achieved 
between  77.5  and  83.5  GHz  is  13  +/-  0.5  dBm.  The  chip  measures  1.2  x 1.3  mm2,  and 
operates  at  a drain  voltage  of  Vd=2.5  V and  Id=  30  mA. 


A second,  fixed-tuned  oscillator  was  designed  in  addition  to  the  80  GHz  VCO.  This 
oscillator  made  used  of  a tuning  stub  with  removable  airbridges.  Frequency  of  oscillation 
was  measured  by  mixing  the  oscillator  output  with  a Millitech  90  GHz  Gunn  oscillator. 
The  mixer  output  was  connected  to  a spectrum  analyzer.  Figure  2 shows  the  chip 
photograph  at  left.  The  circuit  is  biased  at  the  drain  voltage  of  2.5  V,  gate  voltage  Vg  of 
-.036  V,  and  the  drain  current  of  25  mA.  With  the  airbridges  on  the  chip  intact,  the 
oscillation  frequency  for  this  bias  condition  is  119.8  GHz.  The  output  power  at  119.8 
GHz  is  8.7  dBm,  as  measured  with  a WR8  Anritsu  power  meter.  By  scribing  out  the  first 
airbridge,  the  frequency  of  oscillation  changes  to  129  GHz.  Removal  of  the  second 
airbridge  results  in  a frequency  of  oscillation  of  134  GHz.  The  output  power  as  a function 
of  frequency  is  shown  in  the  graph  at  the  right  in  Figure  2. 


III.  W-BAND  AMPLIFIER 


Amplification  of  the  80  GHz  VCO  may  be  required  in  order  to  drive  an  active  doubler  to 
160  GHz.  A suitable  amplifier  that  could  be  used  is  the  chip  shown  in  Figure  3.  This 
medium  power  amplifier  makes  use  of  3 stages  of  a 4x37  pm  gate  periphery  HEMT 


Frequency  [GHz] 


Figure  2.  At  left  is  the  chip  photograph  of  a 120  GHz  fixed-tuned  oscillator,  showing  the 
tuning  stub  in  the  left-center  portion  of  the  photograph  (arrow).  Removal  of  the  first  or 
second  airbridge  tunes  the  frequency  according  to  the  graph  at  right. 
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Figure  3.  Chip  photograph  of  the  W-band  power  amplifier  and  output  power  as  a function 
of  frequency  for  a fixed  input  power  of  2 mW. 


devices,  with  two  HEMTs  combined  in  parallel  in  the  last  stage  to  maximize  output 
power.  A similar  amplifier  was  described  in  [5],  with  6 dB  of  large  signal  gain  and  at 
least  25  mW  from  75-110  GHz.  Our  current  amplifier  was  driven  by  a backward  wave 
oscillator,  and  the  output  power  was  measured  using  an  HP  power  meter  equipped  with  a 
WR10  waveguide  sensor.  The  amplifier  exhibits  13  dB  of  large  signal  gain,  and  puts  out 
40-50  mW  of  output  power  over  the  75-110  GHz  WR10  waveguide  band.  Such  an 
amplifier  could  find  many  uses  for  test  equipment,  or  as  a driver  for  active  or  passive 
frequency  multipliers  in  a subsequent  stage.  The  amplifier  operates  at  2.5  V,  250  mA,  for 
a minimum  power-added  efficiency  of  6%. 
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IV.  ACTIVE  DOUBLER 

A class  B doubler  was  designed  using  the  harmonic  balance  simulator  from  Agilent’s 
Series  IV.  The  matching  elements  are  realized  using  grounded  CPW  lines.  The 
fundamental  frequency  at  the  output  is  suppressed  using  a quarter-wave  open  stub,  which 
presents  a short  at  the  fundamental  and  an  open  at  the  second  harmonic.  The  highest 
frequency  HEMT  doubler  previously  reported  is  a 180  GHz  MMIC  with  a 6 dB 
conversion  loss  at  an  input  power  of  0 dBm  [6],  For  comparison,  a 94  GHz  Schottky 
diode  doubler  demonstrated  6 dB  conversion  loss  at  55  mW  of  output  power[7]. 

Figure  4 shows  a photograph  of  the  fabricated  MMIC  doubler.  The  chip  size  is 
1. 1x1.2  mm2.  The  doubler  is  biased  at  the  pinchoff  condition,  with  a gate  voltage  of -0.6 
V.  The  drain  voltage  was  2.5  V.  We  measured  the  doubler  on-wafer  using  a WR10 
waveguide  wafer  probe  at  the  input  and  a WR5  waveguide  wafer  probe  at  the  output  of 
the  chip.  The  input  was  driven  by  a backward  wave  oscillator  from  75-90  GHz.  The 
output  power  was  measured  with  a WR5  Anritsu  power  sensor.  The  best  results  were 
obtained  at  the  input  frequency  of  82  GHz.  The  graph  at  right  in  Figure  4 shows  the 
output  power  and  conversion  loss  as  a function  of  output  frequency.  A conversion  loss  of 
2 dB  is  measured  at  an  input  power  at  82  GHz  of  7 dBm.  This  corresponds  to  an  output 
power  of  5 dBm  or  3.2  mW  at  164  GHz.  The  RF  efficiency  of  this  doubler  is  63  %.  The  3 
dB  bandwidth  of  this  active  doubler  is  approximately  158-173  GHz. 


150  155  160  165  170  175  180 


Output  Frequency  [GHz] 


Figure  4.  At  left,  the  chip  photograph  of  the  82-164  GHz  active  doubler  is  shown.  At 
right,  output  power  and  conversion  loss  as  a function  of  frequency  are  illustrated. 


481 


12"'  International  Symposium  on  Space  Terahertz  Technology 


V.  WR5  Power  Amplifier 

The  final  stage  of  our  proposed  local  oscillator  source  is  a power  amplifier  to  amplify 
the  active  doubler  of  section  IV.  Figure  5 shows  a photograph  of  the  power  amplifier. 
The  chip  features  another  grounded  CPW  design,  with  3 stages  of  4x37  micron  gate 
periphery  HEMTs.  As  in  the  W-band  amplifier,  two  HEMTs  were  combined  in  the  output 
stage  to  maximize  output  power.  The  chip  size  was  1.1  x 1.9  mm2. 

The  power  amplifier  chip  was  first  measured  on-wafer  for  small  signal  S-parameters, 
using  a WR5  waveguide  frequency  extender  from  Oleson  Microwave  Labs  and  an  HP 
8510A  vector  network  analyzer.  The  amplifier  exhibits  10  dB  of  small  signal  gain  from 
approximately  144-170  GHz.  The  glitch  around  143  GHz  is  a product  of  the 
measurement  system.  The  input  and  output  return  losses  are  10  dB  at  165  GHz,  and  are 
shown  in  the  middle  graph  of  Figure  5.  For  these  measurements,  the  chip  was  biased  at 
Vd  = 2.5  V,  Id  = 240  mA,  and  Vg  = 0 V. 

Power  measurements  on  this  chip  were  obtained  using  a WR10  BWO  from  70-85 
GHz  to  drive  a Millitech  doubler  source  between  140-170  GHz.  The  doubler  was 
characterized  for  its  output  power  using  a WR5  Anritsu  power  meter,  and  then  the  BWO 
and  doubler  were  connected  to  a WR5  RF  wafer  probe  on  the  probe  station.  The  power 
amp  chip  was  biased  with  DC  needle  probes,  and  the  output  power  as  a function  of 
frequency  was  measured  again  using  the  WR5  Anritsu  power  meter  and  a WR5  RF  wafer 
probe. 

The  output  power  as  a function  of  frequency  and  input  power  is  shown  for  one  of  the 
power  amp  chips.  The  input  power  was  varied  to  give  the  maximum  output  power.  Peak 
power  was  observed  at  150  GHz,  with  a maximum  output  power  of  14.1  dBm  or  25  mW, 
for  an  input  power  of  6.3  dBm,  yielding  a large  signal  gain  of  approximately  8 dB.  From 
140-170  GHz,  15  to  25  mW  (11.8  - 14  dBm)  of  output  power  is  achieved  across  the 
band.  For  the  power  measurements,  a drain  voltage  of  2.1  V gave  the  optimized  output 
power,  for  a drain  current  of  250  mA  and  a gate  voltage  of  0V.  This  amplifier  could  be  a 
useful  gain  stage  following  the  active  doubler  of  the  previous  section.  The  power 
obtainable  from  the  active  doubler  between  162-166  GHz  was  5 dBm  (refer  to  Figure  4). 
In  Figure  5,  the  power  out  of  the  amplifier  is  at  least  15  mW  for  an  input  power  of  5 dBm 
(3.2  mW)  for  these  frequencies. 


VI.  CONCLUSIONS 

We  have  presented  results  of  a chip  set  fabricated  at  HRL  Laboratories,  LLC  using 
InP  HEMTs  which  could  form  the  local  oscillator  chain  of  a heterodyne  receiver  for 
atmospheric  science  or  astrophysics  radiometers.  The  resultant  output  power  from  such  a 
chain  could  be  as  large  as  15-20  mW  from  158-166  GHz. 
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Figure  5.  140-170  GHz  power  amplifier  chip  (top  photo),  showing  S-parameters  (middle 
graph)  and  output  power  (lower  graph)  as  a function  of  frequency. 
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Abstract 

Diode  modeling  for  Schottky  varactor  frequency  multipliers  above  500  GHz  is  presented  with  special 
emphasis  placed  on  simple  models  and  fitted  equations  for  rapid  circuit  design.  Temperature-  and  doping-dependent 
mobility,  resistivity  and  avalanche  current  multiplication  and  breakdown  are  presented.  Next  is  a discussion  of 
static  junction  current,  including  the  effects  of  tunneling  as  well  as  thermionic  emission.  These  results  have  been 
compared  to  detailed  measurements  made  down  to  80  K on  diodes  fabricated  at  JPL,  followed  by  a discussion  of  the 
effect  on  multiplier  efficiency.  Finally,  a simple  model  of  current  saturation  in  the  undepleted  active  layer  suitable 
for  inclusion  in  harmonic  balance  simulators  is  derived. 


The  research  described  in  this  publication  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  under  a contract  with  the  National  Aeronautics  and  Space  Administration. 


I Introduction. 

As  diode  multipliers  are  applied  to  higher  frequencies  (here  used  to  mean  above  500  GHz)  the  frequency 
dependent  effects  that  can  often  be  neglected  at  lower  frequencies  become  more  important.  These  include  current 
saturation,  carrier  inertia,  and  capacitance  of  the  undepleted  epitaxial  region  [1,2].  More  accurate  multiplier 
performance  predictions  benefit  from  including  these  effects  in  the  models  used.  Furthermore,  current  and  future 
space  missions  are  being  designed  to  operate  the  LO  multiplier  chains  at  lower  temperatures,  near  120  K for  instance 
[3].  Again,  for  accurate  modeling  temperature  effects  must  be  considered.  These  include  the  effects  on  mobility, 
breakdown  voltage,  static  I/V  current  and  current  saturation.  To  aid  in  the  rapid  design  of  multipliers  at  many 
different  power  levels  and  frequency  ranges,  it  is  desirable  to  have  models  which  are  easy  to  implement  using  simple 
equations,  with  a minimum  of  arduous  calculation,  maximizing  the  speed  of  analysis.  Thus,  the  more  advanced 
models  should  still  be  fairly  simple,  suggesting  the  use  of  fitted  equations. 
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As  an  illustration,  Figure  la 
shows  a widely  used  diode  model, 
which  does  a good  job  at  lower 
frequencies,  and  can  even  work  higher 
if  well-calibrated.  Figure  lb  indicates 
the  more  sophisticated  model 
discussed  in  this  paper.  The  elements 
of  the  model  will  be  investigated  in  the 
following  sections.  In  section  II  the 
temperature-dependent  material 

properties  are  discussed:  mobility, 

resistivity,  avalanche  current 
multiplication  and  breakdown  voltage. 
Section  III  is  an  analysis  of  the  static 
junction  current  including  the  effects 
of  tunneling,  and  its  effect  on 
multiplier  efficiency.  In  section  IV  a 
simple  model  for  analysis  of  current  saturation  in  the  undepleted  epi  region  is  introduced.  The  conclusions  are 
presented  in  Section  V. 


Ohmic  Roc 


(a) 


(b) 


Figure  1.  Diode  circuit  model,  (a)  Simplified,  (b)  More  complete 
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II  Diode  Properties. 

A.  Mobility . 

One  of  the  primary  loss  mechanisms  in  the  Schottky  diode  multiplier  is  signal  absorption  in  the  parasitic 
series  resistance,  depicted  as  Rs  in  Figure  la  and  Re,  Rs , and  R in  Figure  lb.  The  value  of  these  resistances  is 
proportional  to  the  resistivities  in  the  active  epitaxial  layer,  the  highly-doped  sub-layer,  and  ohmic  contacts 
respectively.  Resistivity  depends  on  the  low  field  mobility,  which  can  either  be  calculated  by  Monte  Carlo  methods 
[4-6]  or  measured  [7,  8].  To  facilitate  calculation  of  the  mobility  for  rapid  design,  a fitted  algebraic  equation  is 
desired,  including  the  effects  of  temperature  and  donor  concentration.  The  author  is  not  aware  of  a good  fit,  so  the 
following  expressions  are  suggested: 
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Figure  2.  GaAs  resistivity  doping  dependence.  Solid 
line:  300  K calculation.  Dotted  line:  From 
[10].  Broken  line:  KHK  calculation. 


formula  above  are  compared  to  the  room  temperature  plot  in  [10]. 


where  T is  the  temperature  in  Kelvins,  n0  is  the  carrier 
concentration  in  cm'3,  and  0 is  the  compensation  ratio,  defined 
[5]  as  the  ratio  of  ionized  acceptor  to  ionized  donor 
concentrations.  Since  the  normal  donors  in  GaAs,  such  as  Si, 
are  shallow  (~6  meV),  as  the  carrier  concentration  increases  the 
donor  levels  merge  with  the  conduction  band  [9].  This  occurs 
at  a donor  concentration  of  around  1016  cm'3,  and  above  that  all 
donors  are  considered  ionized  except  at  extremely  low 
temperatures,  10  K or  so.  Since  the  range  of  temperatures 
considered  here  is  above  50  K and  donor  concentrations  are 
above  1017  cm'3,  the  carrier  concentration  is  assumed  equal  to 
effective  donor  concentration,  ND  - NA,  where  ND  and  NA  are 
the  donor  and  acceptor  concentrations. 

The  resistivity  p is  given  by  the  usual  formula: 

1 Ip  = qjun0  (2) 

Figure  2 shows  a plot  of  resistivity  versus  carrier  concentration. 
Our  room  temperature  and  100K  calculations  based  on  the 


B . Avalanche  current  multiplication  and  breakdown. 

Avalanche  current  multiplication  caused  by  impact  ionization  is  important  in  the  reverse  bias  regime, 
especially  for  the  highly  doped  diodes  being  used.  This  is  the  mechanism  for  junction  breakdown,  assuming  the  epi 
region  is  thicker  than  the  depletion  width  when  it  occurs.  Avalanche  multiplication  increases  the  current  injected 
from  one  side  of  the  depletion  region  by  a factor  M.  Since  impact  ionization  occurs  at  high  fields,  around  5x10s  to 
106  V/cm,  it  occurs  first  under  the  anode  at  high  reverse  bias,  that  is,  the  current  being  multiplied  is  comprised  of 
electrons  penetrating  the  barrier  from  the  anode  contact.  Under  these  circumstances,  M is  given  by  [ 1 1 ]: 

l"^=  J«*exP  (3) 


where  a is  the  field- depen  dent  electron  ionization  coefficient,  is  the  corresponding  hole  ionization  coefficient, 
and  W is  the  depletion  width  at  the  given  voltage.  To  determine  the  breakdown  voltage,  M is  taken  to  be  infinite, 
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and  the  right  side  of  (3)  is  solved  iteratively  to  determine  the  applied  voltage  and  corresponding  field  distribution 
and  depletion  width  that  make  it  unity. 

Many  researchers  over  the  years  have  attempted  to  determine  the  ionization  coefficients  of  GaAs  [12-16]. 
For  this  work  the  measurements  reported  by  Bulman  et  al.  [14,  15]  were  used.  Baraff  [17]  made  calculations 
parameterizing  the  ionization  coefficients  at  low  temperature  in  terms  of  the  optical  phonon  energy  Er , the  mean  free 
path  between  phonon  scattering  events  A,  and  the  average  ionization  energy,  Eh  These  have  been  extended  to  all 
tempertures  [18]  using  the  assumption  that  E,  varies  with  temperature  as  the  band  gap  energy  and  that  Er  and  A vary 
as: 


JL 


(4) 


where  the  zero  subscripts  refer  to  zero  Kelvin  values.  The  0 K phonon  energy  is  known  to  be  0.036  eV,  so  only 
values  for  £,  and  A must  be  determined.  The  calculations  in  [17]  have  been  fitted  by  Okuto  and  Crowell  [18]  to  a 
simple  formula.  For  our  study  the  expression  in  [18]  has  been  modified  to  fit  BarafTs  data  more  closely,  which 
seems  to  model  the  measurements  better.  The  modified  equation  is: 


a A ~ 
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(5) 


Here  a is  either  0$,  or  fip  as  appropriate, /is  a simple  factor  which  accounts  both  for  variations  in  measurments  and 
for  the  unknown  ratio  of  impact  ionization  cross-section  to  phonon  emission  cross-section  [17].  The  expressions  for 
a,  b,  and  x are: 
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with  E being  the  magnitude  of  the  electric  field.  For  this  work  values  for  the  parameters  that  fit  well  to  Bulman’s 
data  are:  E{  = 2 eV  and/=  0.44  for  both  electron  and  hole  ionization  coefficients,  and  A;  = 78.6  A fora;  and  71.1  A 
for  pp.  As  pointed  out  in  [15,  19,  20]  the  ionization  coefficients  also  depend  on  location.  The  effect  of  this  was 
checked  using  the  model  of  [15,20]  , and  it  was  found  that  for  doping  up  to  about  5xl017  the  difference  in 
breakdown  voltage  with  and  without  this  correction  is  only  a few  tens  of  millivolts. 

Figure  3 shows  the  breakdown  voltage 
calculated  using  the  ionization  coefficients  from 
equation  (5)  in  equation  (6)  at  300  K,  compared  to  a 
plot  from  [21]  based  on  Pearsall’s  coefficients  [13], 
Also  shown  as  scattered  points  are  measurements 
used  to  derive  the  coefficients  in  [14,15]  as  well  as 
others  as  reported  in  [22,  23].  The  fit  is  better  to 
those  using  Bulman’s  data  at  lower  doping,  although 
the  difference  between  the  two  calculations  is  very 
small  for  the  more  highly  doped  diodes.  Also  shown 
is  a curve  indicating  the  breakdown  voltage  at  100  K 
calculated  as  above.  Again,  the  temperature 
dependence  is  small  at  the  higher  dopings. 


Figure  3.  Breakdown  voltage  dbping  dependence.  Scattered  points 
represent  measurements  as  described  in  text. 


Ill  Junction  Current. 

Quantum  mechanical  electron  tunneling 
through  the  Schottky  barrier  is  the  dominant  static 
current  mechanism  in  low  temperature  and  in  highly 
doped  diodes.  This  is  because  at  high  doping  levels 
the  depletion  width  is  narrow,  giving  the  large  number  of  electrons  below  the  top  of  the  barrier  a substantial 
probablity  of  tunneling  through.  At  lower  donor  concentrations  the  depletion  width  is  great  enough  that  the 
dominant  current  mechanism  is  thermionic  emission  over  the  barrier.  Several  approximate  tunneling  current 
calculations  were  developed  by  Padovani  and  Stratton  and  others  [24-27],  but  due  to  the  approximations  in 
calculating  the  tunneling  coefficient  the  results  are  not  valid  over  all  current  regimes.  Recently  the  transfer  matrix 
technique  has  been  used  [28,  29]  to  calculate  the  tunneling  currents  [30,  31].  This  is  a type  of  mode  matching 
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algorithm  wherein  the  barrier  is  divided  up  into  a series  of  slices,  each  having  a constant  or  linear  potential  profile. 
After  the  transmission  coefficient,  71 (£„)  is  calculated  for  each  value  of  the  normal  component  of  electron  energy,  E„ , 
the  current  density  is  calculated  according  to  [32,  equation  (13)].  The  transmission  coefficient  depends  on  the 
potential  profile,  including  the  barrier  height,  which  is  given  for  an  anode  at  x = 0 by: 


ft  *\ 

x 1 

l *) 


16  7&:re0x 


with  £r£o  the  semiconductor  dielectric  constant.  The  electric  field  under  the  anode  is  given  as: 


where  Vn  is  the  difference  in  potential  between  the  Fermi  level  and  the  bottom  of  the  conduction  band  in  the 
semiconductor  bulk.  The  barrier  height  itself  commonly  appears  to  have  a dependence  on  the  applied  voltage  [10, 
33,  34].  For  this  work,  the  barrier  height  is  characterized  by  an  asymptotic  “flat-band”  height,  0FB>  which  is  the 
barrier  height  at  zero  electric  field,  when  the  conduction  bands  would  be  flat.  Additionally,  the  barrier  height  is 
assumed  to  have  a linear  dependence  on  Emax : 

0b  (®) 

Since  Emaj  and  are  mutually  dependent,  they  must  be  solved  for  together  as  discussed  in  [33]. 


Figure  4.  Block  Diagram  and  photo  of  cryostat  set  up  and  wire-bonded  diode. 


To  check  the  validity  and  determine  the  effect  of  the  tunneling  current  on  multiplier  performance,  several 
diodes  fabricated  at  JPL  have  been  measured  over  a wide  temperature  range  in  a specially  designed  cryostat  [35]. 
The  cryostat,  shown  in  Figure  4,  consists  of  a vacuum  chamber  enclosing  the  device  under  test  (DUT)  cooled  by  a 
two-stage  closed-cycle  Helium  refrigerator.  The  temperature  of  the  DUT  is  adjustable  to  within  ±1  K in  the  35- 
325  K range  using  a temperature  controller  with  two  temperature  sensors,  a 25  W heater  and  a bracket  that 
mechanically  connects  the  DUT  to  the  15  K second  stage  cold  plate  of  the  refrigerator. 

The  HP  4155B  Semiconductor  Parameter  Analyzer  is  connected  to  the  DUT  with  four  cables  for  a four- 
probe  measurement,  compensating  for  the  series  resistance  of  the  lines  (Figure  2).  Shielded  cables  connect  the 
analyzer  to  SMA  adaptors  at  the  vacuum  flange  of  the  cryostat  where  the  signals  are  fed  through  into  the  chamber. 
Inside  the  cryostat  short  sections  of  flexible  cable  connect  the  feed-through  to  the  ceramic  test  socket  which  is 
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thermally  bonded  through  a copper  block  to  the  temperature-stabilized  cold  plate.  The  diode  is  epoxied  to  the  test 
socket  and  connected  with  four  25  pm  bond  wires  to  the  carrier  as  also  shown  in  Figure  4. 

A diode  fabricated  a JPL  on  material  doped  to  3xl017  with  an  anode  size  of  1.5x10.5  pm2  was  measured 

from  100  to  300  K.  The  magnitude  of 
the  measured  and  calculated  currents  are 
compared  in  Figure  5.  The  current 
calculations  included  tunneling  and 
avalanche  multiplication  as  described 
earlier.  Values  of  &FB  - 0.92  eV  and  a 
= 30  A in  equation  (11)  were  used  to  fit 
the  measurements.  The  fit  is  pretty 
good,  but  it  is  desirable  to  have 
independent  justification  for  these 
values.  The  flat-band  barrier  height  is 
dependent  on  the  metal/semiconductor 
system  in  the  contact.  Using  forward 
bias  measurements  of  the  reverse 
saturation  current  and  ideality  factor,  the 
flat-band  barrier  height  and  effective 
barrier  height,  ^ can  be  determined  as 
discussed  in  [36-39]  based  on  the  fact 
that  as  the  applied  voltage  approaches  the  built-in  voltage  (flat-band),  all  current  mechanisms  except  thermionic 
approach  zero.  This  includes  tunneling  (because  the  bulk  of  electrons  are  near  the  barrier  top  in  energy)  and  any 
models  described  by  a linear  field  dependence  (since  the  field  approaches  zero).  This  type  of  analysis  was  also 
performed  on  the  above  diode,  with  the  results  shown  in  Figure  6a.  Since  the  JPL  anodes  are  fabricated  from 
Ti/Pt/Au,  the  flat-band  barrier  height  should  be  compared  to  those  metals.  In  [38]  the  reported  heights  are  around 
0.83  eV  for  Ti,  0.92  eV  for  Au  and  0.99  eV  for  Pt.  The  measured  values  fit  a line  &FB  = • • •-.37'  meV,  T being  the 
temperature  in  Kelvin.  It  is  possible  that  some  intermixing  may  be  taking  place  between  the  Ti  and  the  Pt,  but  this 
cannot  be  said  for  certain.  As  to  the  a = 30  A factor,  many  theories  have  been  proposed  explaining  non-zero  a as 
due  to  the  imperfect  nature  of  the  metal -semi conductor  interface  [33,  34,  40-44].  Again,  there  is  not  enough  data  to 
pin  this  down. 


Figure  5.  Tunneling/avalanche  current  calculations  compared  with  measurement. 
The  solid  lines  are  measured  currents,  broken  lines  are  calculated. 


Figure  6.  Characteristics  of  3el7  diode,  (a)  Barrier  height  and  ideality.  The  solid  line  is  a model 
<$fb  - 0.95-0. 0003T  eV.(  b)  Series  and  shunt  resistances. 

The  series  resistance  and  shunt  resistance  can  also  be  found  from  the  I/V  data.  These  are  plotted  in  Figure 
6b.  As  expected,  the  series  resistance  Rs  is  independent  of  temperature  (except  for  deviations  ascribable  to 
measurement  uncertainty).  The  shunt  resistance,  Rp , however  rises  sharply  at  low  temperatures.  This  is  consistent 
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with  a model  wherein  the  shunt  conduction  is  a surface  “hopping”  phenomenon,  where  the  carriers  do  freeze  out  as 
the  temperature  drops.  Generation-recombination  current  was  considered,  but  it  is  proportional  to  the  product  of 
depletion  width  W and  intrinsic  carrier  concentration  nh  For  GaAs  in  general  is  very  low  and  for  highly  doped 
diodes  W is  small,  so  this  current  mechanism  is  insignificant  in  this  case. 


Reverse:  Forward: 


Figure  7.  Fitted  diode  models  and  measurements, 

100  & 300  K.  Markers  indicate  fit  models. 


Figure  8.  Efficiency  of  doubler  with  and  without 
including  tunneliig  current. 


To  evaluate  the  effect  of  these  departures  from  thermionic  behavior  on  multiplier  efficiency,  a simple 
model  consisting  of  two  diodes  back-to-back  was  incorporated  into  a commercial  harmonic  balance  simulator.  A 
schematic  is  shown  in  Figure  7.  One  diode  models  the  forward  current,  the  other  the  reverse.  The  fit  of  the  modeled 
current  magnitude  to  the  measurements  is  also  shown  in  Figure  7.  The  fit  is  good  for  the  forward  bias,  and  not  so 
good  for  reverse.  However,  the  fit  at  the  higher  reverse  currents  is  good,  and  the  lower  currents  should  have  little 
effect  on  the  performance  of  the  multiplier. 

Performance  calculations  of  a 200  GHz  multiplier  with  and  without  the  reverse  tunneling  component  are 
shown  in  Figure  8.  As  can  be  seen,  at  room  temperature  there  is  a significant  reduction  in  efficiency  when  tunneling 
current  is  considered,  but  at  100  K there  is  no  substantial  difference.  There  is  also  no  observed  difference  when  the 
same  calculation  is  performed  at  800  GHz.  These  can  be  explained  by  noting  that  all  Schottky  multipliers  suffer 
from  two  loss  mechanisms:  series  resistance  loss,  which  dominates,  and  conduction  current  loss.  As  the  temperature 
is  lowered,  the  conduction  current  drops  (at  a given  voltage)  so  die  conduction  current  contribution  to  the  loss  is 
greatly  reduced.  Hence,  little  difference  in  efficiency  occurs  with  or  without  tunneling  at  low  temperatures.  At  800 
GHz  the  efficiency  is  low  and  also  greatly  dominated  by  the  series  resistance  loss,  so  the  exact  conduction  current 
mechanism  has  little  effect  on  efficiency. 


IV  Current  Saturation. 


As  the  electric  field  in  a GaAs  sample  is  increased,  the  velocity  and  hence  the  current  reaches  a peak,  then 
begins  to  decline  due  to  electrons  gaining  enough  energy  from  the  field  to  scatter  into  the  upper,  low-mobility 
valleys.  This  acts  as  a current  limit  in  the  undepleted  epitaxial  region  of  the  diode.  Current  saturation  reduces  the 
efficiency  of  the  diode  as  a multiplier  because  it  decreases  the  ability  of  the  charge  at  the  edge  of  the  depletion 
region  to  move  around  at  the  signal  frequency  and  modulate  the  capacitance,  generating  the  varactor  non-linearity. 
There  are  also  time  constants  associated  with  the  transfer,  and  at  the  high  frequencies  being  considered  here  they 
should  be  taken  into  account. 

There  are  several  equations  used  to  describe  the  static  current  saturation  profile.  The  simplest  and  oldest  is 
the  Kramer  and  Mircea  formula  [47]: 


\ + (f/fJ 


(12) 


where  u is  the  velocity,  F the  magnitude  of  the  electric  field,  u5  the  ultimate  saturation  velocity  at  about  20  kV/cm, 
and  Fn  is  a characteristic  field  which  determines  where  the  peak  velocity  occurs.  Usually  current  saturation, 
including  transient  effects  have  been  modeled  using  Monts  Carlo  simulations  (see,  for  example  [45,  46]).  Since 
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Monte  Carlo  calculations  take  large  amounts  of  computer  time,  it  is  desirable  to  incorporate  these  effects  into  a 
harmonic  balance  (HB)  circuit  simulator  using  a simple  model  which  can  be  integrated  using  the  Runge-Kutta  type 
integrators  normally  used  in  HB  simulators.  We  propose  to  use  a time  constant  based  formulation  somewhat  similar 
to  that  introduced  in  [48].  The  epi  current  is  divided  between  two  resistances  representing  the  dominant  two 
conduction  band  valleys  in  which  electrons  travel,  as  illustrated  in  Figure  9.  Defining  as  the  lower  valley 
mobility,  (about  4000  cm2/Vs  or  higher  at  reduced  temperatures),  and  pi\  is  the  upper  valley  mobility  (about  400 
cm2/Vs)  and  n0  and  n}  as  the  corresponding  valley  populations,  the  velocity  in  equation  (12)  can  be  written: 


u{F)= 


Figure  9.  Simplified  model  of  current  saturation. 


( na  n , )_ 

//0  — +//,  — F (13) 

n n 

with  n the  total  electron  concentration  in  the  undepleted  epi. 
Then,  several  coupled  differential  equations  are  used  to 
represent  the  time-dependent  behavior  of  the  velocity.  The 
upper  valley  population  is  described  by: 

dni  .... 

— (14) 

dt  T 

where  nIs(V)  represents  the  static  population  of  the  upper  valley, 
derived  by  combining  equations  (12)  and  (13)  and  noting  that 
the  total  electron  concentration  is  the  sum  of  the  populations  of 
the  two  valleys,  i.e.  n = n0  + n}.  The  time  constant,  r is 
dependent  on  the  voltage  across  the  epi,  Vto( . 

The  current  through  the  inductor  representing  carrier 
inertia  has  the  usual  equation: 

dt  L 


(15) 


where  L , is  the  carrier  inertia  inductance,  equal  to: 


m * w 
q2nA 


(16) 


with  m*  the  effective  mass,  w the  thickness  of  the  undepleted  epi,  and  A the  area  of  the  diode.  The  total  current 
through  the  inductance  is  simply: 

i-  nuA.  (17) 

To  simulate  the  full  diode,  of  course,  other  equations  must  be  included  to  model  the  epi  capacitance,  as  well  as  the 
junction  capacitance  and  conduction  current. 

As  a check  on  the  validity  of  the  model,  a test  on  a sample  “undepleted  epi”  was  made.  It  was  assumed  that 
this  sample  was  of  constant  thickness,  so  that  the  equations  above  could  be  used,  uncoupled  from  the  epi 
capacitance,  since  the  its  current  would  depend  on  V,ot  only,  which  is  given  as  a boundary  condition.  In  that  case, 
equations  (13)  through  (17)  can  be  integrated  using  a numerical  integrator  with  any  given  waveform  for  VTO{.  In 
Figure  10  these  calculations  are  compared  with  those  in  [46]  for  steps  from  zero  electric  field  to  the  indicated  values. 


Figure  10.  New  current  saturation  model  transient 
response  (smooth  curves)  and  results 
from  [6]  (rough  curves). 


Figure  1 1 . Sinusoidally  pumped  current  saturation 
model  (smooth  line)  compared  to  results 
from  [46]  (rough)  and  resistive  approx* 
imation  (sine  wave). 
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It  was  found  that  values  for  rranging  linearly  from  0.2  ps  at  the  20  kV/cm  to  3 ps  at  1 kV/cm  gave  a good  fit.  As  a 
further  test,  the  same  model  is  compared  in  Figure  11  with  a sinusoidal  60  GHz  excitation  of  10  kV/cm  amplitude. 
Again,  the  match  is  good.  Also  plotted  is  the  current  through  a resistance  having  a mobility  one-third  that  of  GaAs 
(hence  three  times  the  resistance),  which  gives  an  estimate  of  the  magnitude  in  performance  reduction. 

Currently,  it  appears  that  the  above  model,  simple  as  it  is,  is  impossible  to  incorporate  into  commercial  HB 
simulators.  Work  is  continuing  in  this  direction,  and  a version  of  the  Siegel/Kerr  reflection  algorithm  HB  simulator 
[49]  is  in  progress  so  this  model  can  be  used  to  actually  design  multipliers. 

V Conclusions. 

Several  suggestions  have  been  made  for  improving  the  modeling  of  Schottky  diodes  for  high  doping  and 
frequency,  and  low  temperatures.  The  effects  examined  have  been  low-field  mobility,  breakdown,  conduction 
current,  barrier  height  and  current  saturation.  Most  of  the  effects  serve  to  merely  reduce  the  achievable  efficiency, 
but  not  change  the  designs  themselves  very  much,  specifically  the  matching  impedances.  This  is  because  the  most 
important  design  parameter  is  the  reactance  tuning,  dominated  by  the  diode  capacitance,  which  has  been  accurately 
modeled  previously.  However,  the  current  saturation  serves  to  greatly  increase  the  effective  series  resistance,  which 
is  the  dominant  loss  mechanism.  It  is  possible  to  estimate  the  magnitude  of  the  effect  by  using  a series  resistance 
much  larger  than  the  measured  DC  values  in  the  performance  estimates  [50].  However,  by  calculating  the  behavior 
of  current  saturation  with  variations  in  doping  and  temperature,  it  should  soon  be  possible  to  improve  the 
optimization  of  the  doping  and  anode  sizes  of  high  frequency  multiplier  diodes. 
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Abstract  - This  paper  will  describe  a robust  test-bed  that  has  been  built  to  measure 
multiplier  performance  over  a wide  range  of  temperatures  and  frequencies.  In  a 182- 
212  GHz  designed  balanced  doubler  the  peak  efficiency  at  201  GHz  improves  from 
22%  to  28%  upon  cooling  from  300  K to  120  K.  This  stage  is  then  used  to  pump  a 
362-424  GHz  balanced  planar  doubler.  The  peak  chain  efficiency  increases  from 
3.4%  to  6%  when  the  two  cascaded  doublers  are  cooled  from  300  K to  120  K.  This 
enables  the  production  of  10  mW  of  peak  output  power  at  377  GHz,  which  ought  to 
be  sufficient  for  driving  the  next  stage  multiplier. 


I.  Introduction 

GaAs  Schottky  diode  frequency  multipliers  are  being  developed  at  a number  of  facilities 
for  the  Heterodyne  Instrument  of  Herschel  Space  Observatory  (formerly  known  as  FIRST). 
The  planned  mission  will  cover  the  80  p.m  to  670  jxm  range  with  a 14-channel  instrument 
that  is  based  on  state-of-the-art  sensor  technologies  [1,2,3].  Cooling  of  multiplier  circuits 
to  enhance  performance  has  been  demonstrated  [4,5]  and  thus  the  mission  has  base  lined 
cooled  operation  of  the  local  oscillator  (LO)  unit.  In  principal,  whisker  contacted  circuits 
can  be  used  but  the  inherently  mechanically  sensitive  approach  to  the  building  of  whisker 
contacted  circuits  does  not  readily  lend  itself  to  thermal  cycling.  Well-designed  and 
appropriately  implemented  planar  technology  is  better  suited  for  cooled  operation  and  can 
be  designed  to  handle  thermal  cycling  and  heat  dissipation. 


Cooling  of  multiplier  circuits  can  have  considerable  influence  on  the  output  power  and 
efficiency  of  GaAs  multipliers  as  has  been  demonstrated  [4,5].  However,  the  intricate 
tradeoff  between  various  diode  parameters  for  optimum  cryogenic  applications  is  still 
under  investigation  [6].  Electron  mobility  in  GaAs  is  strongly  temperature  dependent  while 
circuit  losses  also  improve  upon  cooling.  However,  a better  understanding  of  electron 
transport  in  doped  GaAs  as  a function  of  temperature  along  with  an  accurate  thermal  model 
of  the  diode  chip  is  required  to  take  full  advantage  of  the  cooling.  In  high  input  power 
applications  the  anode  area  is  substantially  hotter  than  the  ambient  temperature  and 
accurate  thermal  models  of  the  chips  are  required  to  optimize  the  anode  characteristics  for 
a given  frequency,  input  power  and  temperature.  While  work  is  still  under  way  to  obtain  a 
better  understanding  of  temperature  related  effects  in  multipliers  it  is  also  equally 
important  to  experientially  characterize  multiplier  stages  and  multiplier  chains  as  a 
function  of  ambient  temperature.  The  latter  objective  is  being  addressed  in  this  paper.  A 
robust  test-bed  that  has  been  constructed  from  mostly  commercially  available  items  will  be 
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described  that  simplifies  the  testing  of  multipliers  as  a function  of  ambient  temperature. 
This  setup  has  been  used  to  measure  a planar  balanced  doubler  at  200  GHz  and  a planar 
chain  of  two  cascaded  doublers  to  400  GHz.  The  results  obtained  will  be  discussed. 


II.  Description  of  the  test  setup 

The  test  setup  consists  of  an  87-108  GHz  continuously  tunable  source,  a cryostat  in  which 
the  multipliers  under  test  are  installed  and  a Thomas  Keating  power  meter  as  shown  in 
Figure  1.  The  source  is  composed  of  a 75-115  GHz  BWO  followed  by  an  87-108  GHz 
power  amplifier  chain  that  can  deliver  up  to  280  mW  at  92  GHz  [7].  Power  is  adjusted  by 
an  attenuator  and  /or  a ferrite  modulator  that  also  isolates  the  BWO  from  the  amplifier 
chain.  Frequency  is  monitored  by  a microwave  counter  via  a harmonic  mixer.  A cross- 
waveguide coupler  and  a low-offset,  low  drift  power  meter  are  used  to  monitor  the  power 
delivered  by  the  source. 

A low  loss  wide-band  isolator  is  located  inside  the  cryostat,  between  the  coupler  and  the 
multiplier  chain,  to  avoid  any  load  pulling  effects  that  can  affect  the  accuracy  of  the 
monitoring  of  the  input  power.  The  temperature  of  the  multipliers  is  adjustable  to  within 
±1  K in  the  35-325  K range  using  a controller,  two  temperature  sensors,  a 25  W resistor 
and  a bracket  that  mechanically  connects  the  chain  to  the  15  K cold  plate  of  the  cryostat. 
The  vacuum  window  on  the  output  side  is  made  of  a one-mil  thick  by  two-inch  diameter 
Mylar  shield.  IR  radiation  going  through  the  window  is  partly  blocked  by  two  25  pm-thick 
layers  of  Zitex  135  material. 

We  measured  the  power  produced  by  the  multiplier  chain  with  a Thomas  Keating  power 
meter.  A single  25  pm-thick  layer  of  Zitex  135  material  is  used  to  protect  the  membrane  of 
the  Thomas  Keating  sensor  from  air-bome  acoustic  vibration,  as  well  as  visible  and  ER 
radiation.  In  addition,  the  Thomas  Keating  sensor  is  installed  on  an  anti-vibration-plate 
with  a 0.16  Hz  cut-off  frequency  to  eliminate  the  low  frequency  vibration  produced  by  the 
refrigerator,  the  BWO,  the  chopper  and  the  vacuum  pumps.  The  RF  output  beam  is  focused 
on  the  membrane  of  the  Thomas  Keating  sensor  by  an  over-sized  elliptical  mirror  that 
reduces  the  sensitivity  to  the  optical  misalignments.  The  beam  is  chopped  by  a two-blade 
by  ten-inch  diameter  wheel  operating  at  20±0.2  Hz.  The  modulated  signal  detected  by  the 
Thomas  Keating  sensor  is  pre-amplified  and  filtered  by  a high-rejection,  10-30  Hz  band- 
pass filter.  The  signal  is  finally  measured  by  both  a high-performance  dual-channel  digital 
lock-in  amplifier  and  by  the  data  acquisition  card  of  the  Thomas  Keating  power  meter. 

We  found  that  the  combination  of  the  band-pass  filter  and  the  lock-in  amplifier  greatly 
improves  the  sensitivity  of  the  Thomas  Keating  power  meter.  10  jxW  could  be  confidently 
detected  with  a measurement  uncertainty  of  ±1  pW,  whereas  the  standard  configuration 
results  in  a 10  pW  noise  floor. 

A commercial  power  meter  is  used  to  monitor  the  input  power.  A second  power  meter, 
calibrated  carefully  by  the  manufacturer,  is  connected  to  the  last  waveguide  bend  before 
the  multiplier  chain,  inside  the  cryostat.  Recording  at  different  frequencies  the  ratio 
between  these  two  power  levels  defines  a calibration  chart.  The  output  power  is  calibrated 
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automatically  by  the  Thomas  Keating  control  program.  RF  losses  produced  by  the  IR 
filters  and  the  Mylar  film  were  measured  around  200  GHz  and  400  GHz.  We  found  a total 
absorption  of  less  than  7%  at  375  GHz  however  this  was  not  used  to  correct  the  data 
reported. 

Only  modulated  signals  are  taken  into  account  by  the  Thomas  Keating  power  meter. 
Therefore,  in  order  to  modulate  the  RF  signal  produced  by  the  frequency  multiplier  chain, 
we  decided  to  use  a two-blade  chopper  wheel.  This  wheel  is  located  outside  the  cryostat  at 
room  temperature.  When  the  RF  beam  is  cut,  the  Thomas  Keating  sensor  receives  only  the 
IR  radiation  of  the  blades  that  can  be  considered  as  a black  body  at  300  K.  When  the  RF 
beam  is  not  cut,  the  Thomas  Keating  sensor  receives  the  RF  signal  as  well  as  part  of  the  IR 
radiation  emitted  by  the  metallic  components  located  inside  the  cryostat.  This  is  because 
the  IR  radiation  is  only  partially  absorbed  by  the  IR  filters  at  the  output  window  of  the 
cryostat.  When  operating  at  cryogenic  temperature,  this  IR  radiation  is  the  emission  of  a 
cold  black  body.  As  the  Keating  sensor  is  broadband,  it  detects  a modulated  IR  signal  in 
addition  to  the  modulated  RF  signal  produced  by  the  frequency  multipliers.  This  IR  signal 
is  180°  out  of  phase  with  the  RF  signal  and,  therefore,  it  is  subtractive. 


Figure  1:  Test-bed  for  the  measurement  of  output  power  from  multipliers  at  cryogenic  temperatures. 
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In  the  configuration  shown  (Fig.  1)  at  100K  this  IR  radiation  is  about  150  pW. 
Consequently,  at  low  output  power  levels  it  can  have  a significant  effect  on  the 
measurement.  One  possible  solution  is  to  use  a better  IR  filter  but  this  might  produce 
additional  RF  losses  and  standing  waves.  Another  solution  is  to  modulate  the  input  power 
of  the  multiplier  chain.  The  chopper  wheel  is  removed  and  the  modulation  of  the  IR 
radiation  is  eliminated.  The  validity  of  this  approach  was  ascertained  by  making  a number 
of  pulsed  measurements  with  the  amplifiers  and  the  multipliers.  We  found  that  the 
amplifiers  give  slightly  more  power  (+4%  maximum)  when  driven  with  a 50%  duty  ratio 
square  wave  than  when  driven  in  CW.  This  increase  of  power  is  taken  into  account  since 
the  input  power  is  monitored  with  a coupler  and  a power  meter.  The  measurements  show 
also  that  the  frequency  multiplier  diodes  reach  their  thermal  equilibrium  in  less  than 
100  (is.  Hence,  modulating  the  input  power  of  the  doubler  at  20  Hz  does  not  produce  any 
change  in  the  behavior  of  the  multiplier  chain. 

III.  Multiplier  measurements 

The  184-212  GHz  balanced  planar  doubler  with  preliminary  measurements  has  been 
described  previously  [8],  It  is  a 6-anode  array  with  each  anode  being  1 .5x14  pm.  The 
doping  in  this  chip  was  lxl017cm'3.  The  discrete  chip  is  mounted  directly  onto  the 
waveguide  block  and  a 1-mil  wire  is  used  to  connect  the  chip  to  the  bias  capacitor.  The 
close-up  of  the  chip  and  the  chip  mounted  up-side-down  in  the  waveguide  block  is  shown 
in  Figure  2. 

Room  temperature  performance  of  the  200  GHz  doubler  stage  is  shown  in  Figure  3.  This 
particular  multiplier  exhibits  a peak  efficiency  of  about  21%  at  188  GHz  with  a peak 
output  power  of  36  mW.  The  3-dB  bandwidth  is  approximately  20  GHz  or  10%.  The  input 
and  output  backshorts  are  fixed  and  in  obtaining  the  performance  shown  in  Figure  3 only 
the  device  bias  is  optimized.  The  optimum  bias  range  is  between  1 1 and  13  volts.  Under 
these  pump  conditions  we  have  used  this  device  extensively  (both  at  room  temperatures 
and  at  cryogenic  temperatures)  and  have  noticed  no  degradation  in  performance. 


Figure  2:  Discrete  6-anode  chip  (left)  mounted  up  side  down  in  the  200  GHz  waveguide  multiplier 
block  (right). 
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Figure  3:  Room  temperature  performance  of  the  200  GHz  stage  doubler.  Power-combined  power 
amplifiers  are  used  to  increase  the  input  power. 


Since  the  room  temperature  measurements  were  made  with  the  Keating  meter  the  only 
setup  change  required  for  low  temperature  operation  was  to  close  the  cryostat  lid  and 
activate  the  cryostat.  The  multiplier  was  tested  at  120  K.  This  particular  temperature  is 
significant  only  because  the  multipliers  operating  on  the  Herschel  Space  Observatory  are 
being  baselined  for  this  temperature  range.  The  performance  of  the  stage  at  120  K is 
shown  in  Figure  4 (input  power  is  similar  to  the  curve  shown  in  Figure  3 since  the  power 
amplifiers  are  not  cooled).  For  comparison  the  output  power  and  efficiency  at  room 
temperature  have  also  been  plotted  on  the  same  graph.  For  all  frequencies  a clear 
enhancement  in  output  power  can  be  observed  with  cooling.  The  peak  efficiency  of  the 
multiplier  stage  increases  from  21%  at  room  temperature  to  about  28%  at  120  K.  This 
represents  an  increase  of  30%.  The  basis  for  this  increase  is  the  improvement  of  the 
mobility  of  the  free  carriers  in  GaAs  as  the  ambient  temperature  is  decreased  from  room 
temperature.  The  enhanced  mobility  results  in  reduced  series  resistance  thus  improving  the 
multiplier  efficiency.  The  peak  output  power  of  the  multiplier  increases  from  36  mW  to  42 
mW. 

The  400  GHz  doubler  is  constructed  using  the  substrateless  device  technology  that  has 
been  previously  described  in  detail  [9],  Essential  features  of  this  technology  are  that  the 
anodes  and  the  matching  circuit  are  formed  together  with  most  of  the  metallalic  circuit 
suspended  in  air.  A 30  micron  thick  GaAs  frame  holds  the  chip  together.  Extensive  use  of 
beamleads  is  made  both  for  handling  and  mounting  purposes.  A picture  of  the 
substrateless  400  GHz  doubler  inside  the  waveguide  block  is  shown  in  Figure  5.  This  is  a 
4-anode  array  (anodes  are  at  the  far  left  of  the  chip)  with  each  anode  1.5x5. 4 |xm.  The 
doping  used  for  this  chip  is  2xl017  cm'3. 
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The  200  GHz  stage  described  earlier  is  used  to  pump  the  400  GHz  balanced  doubler.  The 
two  blocks  are  cascaded  with  no  isolators  in  between.  An  external  dual  mode  hom 
centered  at  400  GHz  was  mounted  on  the  output  guide  of  the  second  stage  doubler  and  the 
output  power  was  measured  using  the  Keating  meter  as  described  earlier.  Output  power 
and  the  efficiency  of  the  second  stage  at  120  K are  shown  in  Figure  6.  Also,  shown  is  the 
available  input  power  to  the  second  stage  multiplier.  A peak  in  the  efficiency  of  the  second 
stage  is  observed  around  368  GHz  approaching  28%.  The  maximum  output  power  from 
the  cascaded  chain  is  about  10  mW  at  a frequency  of  378  GHz.  At  this  particular  point  the 
efficiency  of  the  second  stage  is  25%.  Note  that  a maximum  combined  efficiency  of  6%  is 
measured  and  the  3dB  bandwidth  of  output  power  is  about  18  GHz  or  about  5%.  The 
ripple  present  in  the  output  power  is  due  to  the  mismatch  between  the  multiplier  stages. 
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Figure  4:  Output  power  (top)  and  efficiency  (bottom)  performance  of  the  200 
GHz  stage  at  120  K. 
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Figure  6:  Performance  of  the  cascaded  chain  at  120  K.  The  power  available  to  the  second 
stage  multiolier  is  shown  as  Pin. 
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Figure  7:  Output  power  from  the  two 
multiplier  stages  as  a function  of 
ambient  temperature.  The  first  stage 
output  power  is  measured  at  188.S 
GHz  while  the  second  stage  output 
power  is  measured  at  377  GHz. 


Figure  7 shows  the  effect  of  ambient  temperature  on  the  power  performance  of  the  two 
stages.  We  note  that  in  each  case  the  output  power  is  linear  with  decreasing  temperature 
with  the  slope  for  the  second  stage  being  sharper  than  for  the  first  stage.  This  measurement 
is  made  at  fixed  frequencies  of  188.5  and  377  GHz  (corresponding  to  the  first  and  second 
stages).  We  note  that  as  the  temperature  is  lowered  the  efficiency  of  the  second  stage 
approaches  the  efficiency  of  the  first  stage.  There  can  be  a number  of  possible 
explanations  for  this  effect  and  further  careful  analysis  is  required  to  draw  valid 
conclusions.  It  is  possible  that  the  anodes  on  the  first  stage  are  considerably  hotter  than  the 
ambient  temperature  and  thus  the  mobility  improvement  in  the  first  stage  is  not  has 
pronounced  as  the  second  stage.  Also,  one  must  take  into  effect  current  saturation  effects, 
which  can  dominate  the  performance  of  the  first  stage  due  to  the  lower  doping  and  higher 
input  power.  The  chain  efficiency  as  a function  of  temperature  is  also  shown  in  Figure  7. 
An  improvement  of  about  2.5  dB  is  observed  when  cooling  from  300  K to  120  K. 

IV.  Conclusion 

A test  setup  built  to  study  performance  of  cryogenic  multiplier  stages  has  been  described. 
Planar  balanced  doubler  stages  from  100  to  200  GHz  and  from  200  to  400  GHz  have  been 
measured  at  cryogenic  temperatures.  The  chain  efficiency  can  be  improved  by  about  2.5 
dB  when  the  chain  is  cooled  from  300K  to  120  K.  This  improvement  can  be  attributed  to 
the  enhancement  of  electron  mobility  and  the  reduction  of  current  saturation  effects  in  the 
individual  multiplier  stages.  More  work  is  required  to  quantitatively  understand  the 
interplay  between  device  doping,  temperature  and  input  power  for  each  stage. 
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Abstract 

There  has  been  a recent  resurgence 
of  interest  in  spectroscopy  in  the  THz.  The 
development  of  “short-pulse”  THz  sources, 
and  the  measurements  made  with  these 
sources,  have  pointed  to  a number  of 
possible  applications  for  THz  imaging  and 
spectroscopy  in  biology,  medicine,  and 
semiconductor  device  packaging 
characterization.  While  the  “short-pulse” 
sources  offer  wide-range,  low  resolution, 
THz  coverage,  they  have  a number  of 
drawbacks  for  measurement  applications. 
The  work  described  here  represents  an 
alternative  that  avoids  many  of  these 
drawbacks. 

The  work  outlined  in  this  paper 
marries  the  recent  developments  in  high- 
reliability,  compact  THz  lasers,1,  2 with 
recent  advances  in  Schottky-based  sideband 
generators,3-  4 to  yield  a reliable,  potentially 
milliwatt-level,  tunable  THz  source.  While 
this  work  has  been  focussed  on  spectroscopy 
applications,  the  results  can  also  be  applied 
to  provide  tunable  THz  local  oscillators. 


Preliminaiy  results  & modeling  for 
the  tuning  range  and  fixed- wavelength 
operating  range  will  be  presented. 

This  work  is  supported  by 
NIST/Gaithersburg  under  contract  number 
50-DKNB-0-90072,  and  the  US  Army 
National  Ground  Intelligence  Center,  DAHC- 
90-96-C-0010. 


Introduction 

The  approach  taken  in  the  present 
work,  to  generate  tunable  THz,  has  been  in 
use  for  a number  of  years.5  In  this  method,  a 
fixed  frequency  laser  and  a tunable 
millimeter-wave  (MMW)  source  are  both 
coupled  into  a high-frequency  Schottky  diode 
and  the  resulting  sidebands  are  re-radiated 
out  of  said  Schottky  diode.  Thus  the 
resulting  sideband  radiation  can  be  tuned  by 
simply  tuning  the  MMW  source. 

As  there  will  typically  be  quite  a 
large  amount  of  non-sideband  radiation,  at 
the  laser  frequency,  also  present  in  the  re- 
radiated  beam,  a method  is  often  employed  to 
“filter”  the  output  - yielding  only  sideband 
radiation  (often  both  upper  and  lower 
sidebands,  though  one  will  typically  be 
noticeably  weaker  than  the  other). 

Very  recently,  significant  advances 
over  the  previous  state-of-the-art  output 
power  achievable8  from  an  SBG  have  been 
made.4  These  advances  include  use  of  newly 
available  THz  waveguides/ embedding 
structures  to  improve  the  SBG-mixer-mode 
(we  refer  to  as  FM  mode)  conversion  loss 
from  31  dB  to  25  dB  at  1.6  THz,  and  more 
significantly  a new  mode  of  operation  for  the 
SBG4  where  a conversion  loss  of  14  dB  has 
been  demonstrated  at  1.6  THz.  In  this  mode 
of  operation,  SBG-phase- modulation- mode 
(PM),  the  MMW  radiation  is  used  to  directly 
modulate  the  THz  impedance  of  the  SBG 
element/block  thus  modulating  its 
reflectivity.  This  avoids  the  loss  associated 
with  coupling  THz  currents  through  the 
Schottky  diode  whose  parasitic  parameters 
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“short-out”  a large  amount  of  the  available 
THz  energy. 

In  the  present  work  the  above 
advances  in  SBG  technology  are  coupled 
with  the  recent  advances  in  compact  reliable 
THz  laser  sources.1,2 

The  remainder  of  this  paper  will: 
describe  each  of  the  key 
.elements/technologies  of  the  system,  present 
measured  and  calculated  performance  results 
for  each  element,  and  then  present  the  design 
for  the  final  system  to  be  constructed  for 
NIST. 

Compact  Laser  Source 

The  compact  laser  source  will  be  a 
DEOS  S1FIR-50  FPL  FSW.  A photograph 
of  this  laser  system  (including  its  power 
supply  and  controller)  is  presented  in  Figure 
1.  The  output  power  vs  wavelength  for  this 
laser  system  (using  a fixed  hole  output 
coupler)  is  presented  in  Figure  2,  and  the 


Figure  1 : The  SIFIR  compact  laser  source. 


spatial  output  mode  obtained  at  2.5  THz  is 
shown  in  Figure  3.  The  short  wavelength 
drop  off  in  output  power  is  due  to  the  quartz 
output  window  used,  which  cuts-off  at  ~ 
65  pm.  The  slow  drop-off  at  longer 
wavelengths  is  due  to  the  FIR  waveguide  cut- 
off, and  the  low  power  spike  at  236  pm  is 
due  to  the  weak  pump  line  for  this  laser  line 
(9R6).  The  low  frequency  performance  can 
be  easily  improved  by  using  a larger 
waveguide  diameter  in  the  laser. 


Figure  2:  Output  power  vs  wavelength  for  the 
laser  source.  (These  data  were  obtained  with  a 
fixed  hole  output  coupler.  2-3  times  as  much 
output  power  can  in  general  be  obtained  at  any 
given  line  by  using  a uniform  output  coupler.) 

This  laser  system  utilizes  DEOS’s 
permanently  sealed-off  pump  laser 
technology,  DEOS’s  compact  high-vacuum- 
integrity  high-stability  THz  laser  technology, 
and  an  integrated  design  approach.  The 
combination  of  these  provides  a reliable,  easy 
to  use  THz  laser. 


Figure  3:  SIFIR  spatial  output  mode  at 
1 18.83  pm. 


Sideband  Generator 

The  sideband  generator  used  in  this 
work  is  a University  of  Virginia  0.8  pm 
Schottky  varactor  diode  mounted  in  a 
machined/electro-formed  block.  The  THz 
radiation  is  coupled  into  and  out  of  the 
waveguide  within  the  block  via  a diagonal 
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feedhorn  and  the  MMW  energy-  is  coupled 
into  the  block  via  a standard  connector.  A 
photograph  of  the  initial  version  of  this  SBG 
block  is  presented  in  Figure  4.  The 
backshort  is  mechanically-tuned  for  optimal 
video  response  when  changing  laser  lines. 


Figure  4:  Photograph  of  the  SBG  mixer  block. 


As  will  be  discussed  later,  this  block 
was  originally  designed  for  operation  at  low 
(<18  GHz)  offsets.  During  the  present  work 
minor  changes  were  made  to  extend  the 
block’s  operating  range  up  to  ~50  GHz,  and 
simulations  of  the  next  generation  design 
indicate  operation  up  to  110  GHz.  This 
represents  a potential  tuning  range  of  220 
GHz  around  each  laser  line  for  1 a-order  SBG 
operation. 


Figure  6:  Drawing  of  the  SBG  contact/THz- 
coupling  planar  whisker.  All  dimensions  are  in 
pm. 


Drawings  of  the  inside  of  the  block 
and  of  the  planar  whisker  are  presented  in 


Figure  5:  Drawing  of  the  SBG  mixer  block. 

Figure  5,  and  Figure  6,  respectively.  The 
planar  whisker  type  used  here  is  modeled 
after  a technique  developed  for  a 250  GHz 
tripler.6 


MMW'  Coupling  to  the  SBG 

To  efficiently  generate  sideband 
power,  it  is  necessary  that  both  the  THz  and 
the  millimeter-wave  (MMW)  energy  be 
coupled  to  the  SBG  diode.  1 o test  and 
optimize  this  behavior  a series  ol 
experiments  and  simulations  were  conducted. 
The  initial  tests  were  performed  on  an 
existing,  far-from-optimal,  SBG  block,  and 
the  later  measurements  were  made  on  the 
same  block  after  minimal  modifications  were 
executed  to  improve  its  MMW  performance. 
Following  these  measurements  a series  of 
simulations,  and  commensurate  design 
changes,  were  performed  so  that  future  SBG 
blocks  could  be  expected  to  operate  at 
sideband  offsets  up  to  110  GHz,  with  the 
MMW  energy  coupled  into  the  SBG  block 
via  an  Agilent  1-mm  connector. 

- Initial  MMW  Testing 

The  SBG  block  used  for  this 
research  was  a prototype  and  was  not 
designed  for  use  at  high  microwave 
frequencies.  A microstrip  line  on  a Duroid 
substrate  40  mils  thick  was  used  to  couple 
the  MMW  power  to  the  diode,  and  a 
standard  SMA  connector  (operating 
frequency  range  from  DC  to  18  GHz)  was 
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used  to  connect  to  the  block.  In  spite  of  this, 
initial  tests  were  performed  on  the  microwave 
coupling  to  the  block,  as  shown  in  Figure  7. 
The  curves  in  Figure  7 show  the  SBG  block 
microwave  reflection  coefficient  as  the  bias 
(and  thus  the  diode  impedance)  is  changed. 


Figure  7:  SBG  block  Si  i measurements  at  a 
variety  of  diode  bias  points  (bias  currents). 


When  the  diode  is  zero-biased  the  diode  acts 
as  an  open  circuit,  and  the  amount  Su  drops 
below  0 dB  represents  the  microstrip  line  loss 
in  the  block.  The  line  losses  are  small  up  to 
about  10  GHz,  at  which  point  resonances  in 
the  reflection  coefficient  begin  to  appear. 
Above  about  15  GHz  the  microwave 
coupling  degrades  rapidly.  The  microwave 
coupling  problems  for  this  block  are  caused 
by  resonances  in  the  electrically-large 
microwave  cavity  and  by  discontinuities  and 
air-gaps  m the  microstrip  line.  In  order  to 
solve  these  problems,  the  MMW  circuit 
needed  to  be  redesigned. 

- SBG  MMW  Circuit  Modification 

In  order  to  extend  the  MMW 
bandwidth  for  this  project  it  was  decided  to 
modify  the  block  again  to  address  some  of 
the  MMW  coupling  issues.  To  do  this,  the 
SMA  connector  was  replaced  by  a V- 
connector  (operating  frequency  range  from 
DC  to  60  GHz).  Also,  the  40  mil  Duroid 
substrate  (dielectric  constant  10.2)  was 
replaced  by  a much  shorter  3 mil  thick  quartz 
substrate  (dielectric  constant  3.8).  The 


modification  is  pictured  in  Figure  8.  While 
this  modification  was  expected  to  solve  some 
of  the  problems  seen  previously,  the  MMW 
cavity  was  still  much  larger 


Figure  8:  Internal  view  of  the  modified  SBG 
block. 


than  desired  for  high  frequency  operation,  a 
point  that  will  be  discussed  more  frilly  in  the 
MMW  simulations  section. 

- Improved-Block  MMW  Testing 

MMW  testing  was  performed  on  the 
modified  SBG  block,  the  results  of  which  are 
shown  in  Figure  9.  The  upper  curve  (for  a 
zero-biased  diode)  shows  that  the  SBG 


Figure  9:  S 1 1 measurements  of  the  improved 
SBG  block. 

block  loss  is  relatively  flat  up  to  50  GHz  (the 
upper  limit  of  the  network  analyzer 
configuration  used),  although  there  are  soft 
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resonances  at  25  and  40  GHz.  A comparison 
of  this  performance  with  the  performance 
before  the  MMW  circuit  modification 
(Figure  7)  reveals  the  dramatic  decrease  of 
line  loss  at  high  frequencies. 

In  order  efficiently  generate 
sidebands  from  the  laser  the  MMW  signal 
applied  to  the  SBG  must  be  able  to  modulate 
• the  diode  bias,  thus  allowing  phase 
modulation  of  the  THz  to  occur.  Since  the 
change  in  capacitance  of  the  diode  with 
changing  bias  point  causes  the  change  in 
reflected  phase,  a figure-of-raerit  that  allows 
us  to  gauge  the  ability  of  the  MMW  to 
modulate  the  diode  is  the  MMW 
responsivity  of  the  SBG.  This  is  defined  as 
the  ratio  of  diode  video  response  to  the 
applied  microwave  power.  The  video 
response  is  determined  by  measuring  the 
change  of  the  diode  bias  voltage  when 
microwave  power  is  applied  with  the  diode 
bias  current  fixed  at  a forward  current  of  0.6 
mA.  This  bias  point  was  found  suitable  for 
sideband  generation  during  previous 
experiments.  Figure  10  shows  the  measured 
responsivity  of  the  SBG  block  for 


Figure  10:  Measured  MMW  responsivity  of  the 
SBG. 

several  different  MMW  power  levels.  The 
MMW  power  was  found  to  effectively 
modulate  the  diode  bias  all  the  way  up  to  50 
GHz.  The  responsivity  is  (to  within 
measurement  error)  constant  as  the  MMW 
power  changes,  which  is  expected  since  the 
MMW  pump  power  is  still  quite  low.  The 


scatter  in  the  data  at  high  frequencies  is  due 
to  a rapid  decrease  in  available  MMW  power 
from  the  network  analyzer  at  high 
frequencies  and  also  to  the  video  response 
measurement  accuracy  of  ±V5t  mV.  Above  40 
GHz  the  measured  video  response  was  on  the 
order  of  the  measurement  accuracy. 

-110  GHz  MMW  Simulations 

In  order  to  determine  the  proper 
configuration  for  future  SBGs  and  also  to 
examine  the  limitations  of  the  MMW 
coupling  bandwidth,  MMW  coupling 
simulations  were  performed  using  Ansoft’s 
HFSS,  a finite-element  analysis  package. 
The  key  to  achieving  MMW  coupling  to  the 
SBG  diode  is  to  avoid  line  discontinuities  and 
cavity  resonances.  Figure  1 1 shows 
transmission  plots  for  several  MMW  circuit 


Frequency  (GHz) 

Figure  1 1 : S^i  simulation  results  for  the  future- 
design  SBG  block. 

configurations  that  were  simulated.  The  main 
difference  between  the  various  curves  is  the 
size  of  the  cavity.  By  reducing  the  cavity  size 
sufficiently  the  higher-order  modes  at  110 
GHz  can  be  cutoff,  and  the  simulations 
indicate  that  the  coupling  of  microwave 
power  to  the  diode  is  possible  up  to  110 
GHz.  The  final  design  uses  5 mil  quartz  and 
a cavity  configuration  that  can  be  easily 
machined  using  standard  milling  techniques. 
By  using  this  cavity  design  along  with  an 
Agilent  1-mm  coaxial  connector  (operating 
frequency  range  from  DC  to  1 1 0 GHz)  the 
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microwave  operating  range  or  the  SBG  can 
be  extended  all  the  way  to  i 1 0 GHz. 

THz  Coupling  to  the  SBG 

In  order  to  understand  the  THz 
coupling  to  the  SBG  diode,  a series  of  video 
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Figure  12:  Diagram  of  the  THz  response 
experimental  set-up. 


responsivity  measurements  vs  THz  laser 
frequency  were  performed. 

A diagram  of  the  optical  set-up  is 
presented  in  Figure  12.  and  a photograph  of 
the  layout  is  shown  in  Figure  13.  At  each 
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Figure  1 3 : Photograph  of  the  THz  response 
experimental  set-up. 

test  wavelength  a measure  of  the  output 
power  from  the  laser  was  made  and  then  an 
attenuator  was  added  to  keep  the  THz  power 


at  the  diode  in  the  3-10  mW  range.  The  laser 
output  powers  were  measured  with  a 
Scientech  calorimeter  and  then  calibration 
corrected.7 

The  results  of  the  THz 
measurements  are  presented  in  Figure  14. 
The  “Normalized  Response”  data  were 
normalized  at  1.6  THz,  and  the  “Re- 
Normalized  Response”  data  are  the 
Normalized  data  with  a 1 /V  dependence 
factor  applied  to  remove  the  natural  response 
characteristic  response  of  the  diode  (to 
illustrate  the  block’s  THz  performance). 

The  low  frequency  cut-off  is 
expected  due  to  the  waveguide  dimensions 
but  the  slowness  of  the  high-frequency 
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Figure  14:  THz  response  measurement 
results.  The  lines  are  only  intended  to  be  an 
aid  to  the  reader  and  do  not  represent  a 
“best-fit”  of  any  kind. 

response  is  surprising.  The  gradual  high- 
frequency  roll-off.  combined  with  improved 
SBG  conversion  efficiency,  suggests  that  a 
large  portion  of  the  THz  region  could  be 
covered,  with  mulli-uW  output,  with  only  1 
or  2 SBG  blocks.  This  makes  the  waveguide 
block  approach  much  more  attractive  than 
previously  thought. 

In  the  past  SBG’s  were  typically 
comer-cube  mounted.  This  provided  wide 
THz  bandwidth  through  tuning  of  the  comer- 
cube  and  antenna  but  did  not  provide  the 
flexibility  in  embedding  impedance  offered 
by  the  waveguide  mounting.  The  above  THz 
measurements,  coupled  with  simulation 
results  to  be  presented  later,  indicate  that  the 
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waveguide  approach  is  indeed  feasible  and  in 
fact  may  be  preferable. 

Quasi-Opticai  Diplexer 

To  separate  the  drive  laser  from  the 
sideband  output  some  type  of  diplexing 
device  will  be  required.  A number  of 
alternatives  for  this  function  were  considered 
including:  a series  of  etalon  diplexers,8  a 
tunable  etalon  diplexer,  a Mach-Zender 
diplexer,9  and  a Martin-Puplett10  diplexer. 


Figure  15:  Diplexer  SBG  frequency  coupling 
efficiency  plot.  The  vertical  axis  is  the  SBG-to- 
output  port  transmission  in  dB,  and  the 
horizontal  axis  is  the  SBG  offset  frequency  in 
GHz. 

The  Martin-Puplett  topology  was 
selected  for  a number  of  reasons  including: 
capability  of  accommodating  either  laser 
polarization  through  simple  adjustment  of  the 
first  grid  and  the  diplexer  spacing, 
performance  of  available  grids  throughout 
the  THz,  availablility  of  components,  and 
cost. 

The  theoretical  performance  vs 
sideband  offset  frequency  is  presented  in 
Figure  15.  The  three  plots  shown  there  are 
for  different  settings  of  the  diplexer  spacing, 
and  illustrate  the  capability  of  very  wide 
band  performance  and  end-of-band  operation 
via  user  tuning  of  the  diplexer  spacing. 

System  Design  & Performance  Projections 

The  system  design  will  combine  the 
laser,  diplexer,  and  SBG  to  form  a reliable, 
easy  to  use,  tunable  THz  source. 

A drawing  of  the  system  is  shown  in 
Figure  16,  and 


Figure  17.  The  SBG  and  diplexer 
are  integrated  directly  on  the  top  of  the  laser 
housing.  The  laser  housing  is  ~ 100  cm  x 50 
cm  x 25  cm.  The  diplexer  and  5-axis  mount 
for  the  SBG  are  sufficiently  small  that  the 
remainder  of  the  laser  top  can  be  used  for 
additional  experimental  space. 


Figure  16:  Design  drawing  of  the  system. 


It  is  desirable  that  the  optical  system 
for  coupling  the  laser  to  the  SBG  be  constant 
vs  operating  wavelength.  We  have  devised 
such  an  optical  system.  The  beam 
propagation  for  the  optical  system  is 


presented  in  Figure  18.  While  in  that  plot  it 
appears  that  the  beam  size  at  the  SBG  is 
independent  of  wavelength,  in  fact  there  is 
some  wavelength  dependence.  The 
wavelength  dependence  of  the  waist  at  the 
SBG  input  is  presented  in  Figure  19.  This 
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dependence  is  due  to  some  slight  non- 
symmetry in  the  design  and  corrections  due 
to  operating  with  low  fW." 
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Figure  19:  SBG-Coupling  beam  size  predictions 
vs  operating  frequency.  Note:  the  low 
frequency  calculations  include  a correction  for 
small  ft1 1 and  the  higher  frequency  predictions 
are  paraxial  Gaussian  propagation  results. 

- Sideband  Conversion  Efficiency 
Modeling 

It  is  desirable  to  make  some 
estimates  of  output  power  vs  frequency 
achievable  with  the  envisioned  system.  To 
that  end,  a model  of  the  SBG  efficiency  vs 
operating  frequency  was  developed. 

This  model  is  broken  into  two 
distinct  operating  regimes:  PM-mode 

operation,  and  FM-mode  operation.  It  is 
expected  that  the  achievable  PM-mode  range 
will  be  somewhat  limited  and  that  where  this 


mode  of  operation  rolls-off,  the  more 
conventional,  FM-mode  will  dominate. 

To  estimate  the  PM-mode 
performance  vs  frequency  the  SBG  was 
modeled  using  the  post-in-a-waveguide 
analysis  of  Eisenhart.Lmr!  B#ok,,u,ril  BO'  d“ 
The  equivalent  circuit  for  the  SBG  is  shown 
in  Figure  20.  Note  that  this  equivalent 
circuit  does  not  model  the  effect  of  finite 
bandwidth  of  the  low-pass  filter  fabricated 
on  the  planar  whisker,  and  assumes  the  guide 
is  shorted  at  the  edge  of  the  waveguide. 

. rM;U-'l  to  Zrjxwd 

input:  -» ; / Waveguide 

m’ five n d e ; ; •- .-••  . i.  1-; t e U s: horl. 
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Figure  20:  Circuit  model  of  the  SBG/block. 

Using  this  simplified  model  of  the 
SBG  and  the  predicted  capacitance  variation 
for  the  varactor  used  (i.e.  from  0.4  fF  to 

2.5  fF)  the  amount  of  phase  modulation 
achievable  at  a given  THz  frequency  (where 
the  backshort  position  is  optimized  for  each 
THz  frequency)  is  calculated.  (For  la-order 
SBG  operation  no  more  than  1 80  degrees  of 
PM  is  desired).  These  results  were  then 
normalized  to  the  14  dB  measured  result  at 

1.6  THz  to  yield  the  dashed  maroon  curve 
found  in  Figure  22. 

Since  the  output  power  of  the  laser  is 
known,  the  SBG  THz  coupling  efficiency  for 
the  block  was  measured,  and  the  PM 
conversion  efficiency  has  been  estimated,  it  is 
now  possible  to  estimate  the  output  power 
one  would  expect  when  operating  the 
designed  system  in  PM  mode.  However  it  is 
expected  that  the  conversion  efficiency  will 
saturate  with  increasing  laser  power.  At  this 
time  there  is  no  existing  data  on  this  effect, 
and  so  as  an  approximation,  it  was  assumed 
that  the  efficiency  would  be  constant  up  to 
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20  mW  of  input  power  and  roll-of  by  6 dB 
by  the  time  the  laser  power 


Figure  21:  Waveguide/post  physical  model,  a 
and  b are  the  dimensions  of  the  waveguide  ( 1 60 
x 40  pm);  s is  the  distance  from  die  waveguide 
wall  to  the  diode  post  (80  pm);  g is  the  gap 
between  the  waveguide  post  and  the  end  of  the 
wide  section  of  the  whisker  (10  pm);  and  h is 
the  height  of  the  diode  mounting  post  -’Ag  (0.4 
pm),  and  w is  the  width  of  the  post  and  whisker 
end  section  just  prior  to  the  narrowed  contact 
area  (taken  to  be  40  pm  in  this  model  for 
improved  performance  at  higher  frequencies). 

is  increased  to  100  mW.  When  all  of  these 
factors  are  used  the  resulting  prediction  is 
that  shown  in  the  solid  blue  curve  of  Figure 
22. 


It  is  expected  that  at  the  point  where 
the  PM-mode  of  operation  falls  below  the 
estimated  FM-mode  of  operation,  the  FM- 
mode  output  power  will  dominate.  To 
estimate  this,  the  TFIz  responsivity  and  a 
conservative  28  dB  conversion  loss  at  1.6 
THz  (measured  result  in  the  waveguide  SBG 
was  approximately  25  dB  but  this  result  was 
for  a mixer  diode)  were  multiplied  to  yield 
the  solid  red  curve  of  Figure  22. 

These  data  are  quite  encouraging. 
They  suggest  that  even  without  using 
multiple  SBG  blocks,  each  optimized  for  a 
given  band,  it  should  be  possible  to  obtain 
multi-pW  tunable  THz  output  over  a very 
broad  range  and  mW  tunable  output  over  a 
more  restricted  range. 

Conclusions 

In  this  work  recent  developments  in 
SBG  and  laser  technology  have  been  brought 
together  to  yield  a design  with  potentially 
impressive  output  power  over  the  entire  THz 
regime. 

The  experimental  data,  simulations, 
and  resulting  design,  should  yield  an  easily 
used,  tunable  THz  source  with  >10’s  of  pW 
of  output  power  over  a very  broad  range,  and 
even  possibly  mW  output  power  over  a more 
narrow  range.  The  mW  levels  should  also  be 
realizable  throughout  much  of  the  THz  by 
using  optimized  SBG  blocks  at  the  desired 
THz  center  frequencies. 

While  the  present  design  was 
evaluated  for  1 “-order  SBG  only.  2nd-order 
operation  could  also  be  used  to  extend  its 
MMW  tuning  range  at  any  given  laser  line. 

This  system  should  prove  to  be  an 
excellent  source  for  spectroscopy  and  LO 
applications. 


Figure  22:  Measured  & Predicted  Laser/SBG 
system  performance  vs  center  frequency.  The 
laser  output  power  vs  operating  frequency  and 
normalized  SBG  responsivity  are  included  for 
illustration. 
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ABSTRACT 

Laser  micromachining  techniques  can  be  used  to  fabricate  high-quality  waveguide 
structures  and  quasi-optical  components  to  micrometer  accuracies.  Successful  GHz 
designs  can  be  directly  scaled  to  THz  frequencies.  We  expect  this  promising  technology 
to  allow  the  construction  of  the  first  fully  integrated  THz  heterodyne  imaging  arrays.  At 
the  University  of  Arizona,  construction  of  the  first  laser  micromachining  system  designed 
for  THz  waveguide  components  fabrication  has  been  completed.  Once  tested  and 
characterized  our  system  will  be  used  to  construct  prototype  THz  1x4  focal  plane  mixer 
arrays,  magic  tees,  AR  coated  silicon  lenses,  LO  source  phase  gratings,  filters  and  more. 
Our  system  can  micro-machine  structures  down  to  a few  microns  accuracy  and  up  to  6 
inches  across  in  a short  time.  This  paper  discusses  the  design  and  performance  of  our 
micromachining  system,  and  illustrates  the  type,  range  and  performance  of  components 
this  exciting  new  technology  will  make  accessible  to  the  THz  community. 


INTRODUCTION 

Laser  micro  chemical  etching  works  by  focusing  several  watts  of  laser  power  on  a silicon 
wafer  in  a low-pressure  chlorine  ambient  (200  Torr).  The  deposited  energy  vaporizes  a 
cylindrical  region  6 pm  wide  and  1 |im  deep.  The  vaporized  silicon  atoms  react 
immediately  with  chlorine  molecules  to  form  silicon  tetrachloride,  which  is  gaseous  at 
the  pressure  used  and  prevents  re-deposition  on  the  substrate  (see  Figure  1).  Melted 
silicon  not  captured  by  chlorine  re-deposits  epitaxially  as  soon  as  the  beam  is  moved  to  a 
different  position. 

Laser  micro  machining  possesses  a significant  edge  over  conventional  techniques.  It  does 
not  require  the  use  of  masks,  and  is  not  confined  to  any  given  crystal  plane.  Since  it  is  a 
non-contact  process,  laser  micro  machining  eliminates  tool  wear  and  vibration.  The  etch 
depth  is  only  limited  by  the  motion  range  (5mm)  of  the  vertical  stages.  The  laser 
micromachining  process  is  entirely  computer  controlled  and  permits  proven  complex 
waveguide  designs  and  quasi-optical  components  to  be  scaled  to  THz  frequencies.  The 
system  also  allows  fast  prototyping:  the  magic  tee  structure  presented  in  this  paper  took 
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less  than  5 minutes  to  etch.  Larger  complex  structures  such  as  corrugated  feedhoms  may 
take  up  to  1 hour  of  actual  machining  time.  Generally,  the  complexity  of  the  structure  has 
little  impact,  if  any,  on  the  process  time.  In  practice,  only  the  size  and  volume  of  the 
region  to  be  etched  have  a meaningful  impact,  making  this  process  ideally  suited  for  THz 
applications. 


Figure  1-a  (left),  1-b  (right):  a)  The  focused  spot  of  a laser  is  scanned  across  a silicon  wafer.  Silicon 
atoms  are  vaporized,  and  immediately  react  with  the  ambient  chlorine  molecules  preventing  re-deposition. 
Using  high  numerical  aperture  optics  confines  the  etch  to  a region  only  a few  micrometers  wide.  The  trade- 
off of  high  NA  is  a tapering  of  the  beam  that  can  be  significant  for  some  applications,  eg.  vertical  walls 
(Ted  Bloomstein,  MIT,  Ph-D  Thesis),  b)  The  Gaussian  beam  behavior  of  the  laser  beam  provides  a 100  pm 
deep  region  where  vertical  walls  can  be  machined  without  significant  loss  in  resolution. 


The  system  we  have  built  at  Steward  Observatory  (Fig.  3)  is  equipped  with  a 30W,  water- 
cooled,  Argon  Ion,  laser  used  at  488  and  514nm.  While  only  4W  is  actually  required  on 
the  sample,  system  losses,  and  the  need  to  stop  the  laser  to  a small  aperture  to  obtain  a 
TEMoo  Gaussian  beam,  increase  the  laser  power  requirements.  The  beam  waist  diameter 
when  focused  on  the  silicon  is  ~6pm.  The  F/#  of  the  system  is  5,  causing  a beam  taper 
angle  of  6°  and  an  aspect  ratio  of  10:1.  However,  in  the  100  pm  focal  region  of  the  laser, 
vertical  walls  with  an  extremely  high  aspect  ratio  can  be  achieved.  The  currently 
available  scanning  range  is  ~ 5 x 5 mm.  Through  the  use  of  stitching,  structures  up  to  150 
mm  in  diameter  can  be  machined. 

In  our  design,  the  laser  beam  is  expanded  to  16mm.  The  beam  is  then  deflected  by  a 
commercial  X-Y  galvo-mirror  scanner  onto  an  achromatic  scanning  lens.  The  focused 
beam  is  then  introduced  through  a fused  silica  window  into  a stainless  steel  reaction 
chamber  containing  the  silicon  substrate  (see  Fig.2).  The  wafer  surface  temperature  is 
biased  to  roughly  100°C  using  a parabolic  ER.  illumination  source  shining  through  a 
second  window  on  the  backside  of  the  reaction  chamber  (see  Fig  2).  The  process  is 
monitored  through  the  focusing  optics  using  a CCD  with  a plate  scale  of  7 |im  per  pixel. 
The  scanning  system  is  driven  directly  from  computer-generated  patterns,  which  can  be 


515 


I2'h  International  Symposium  on  Space  Terahertz  Technology 


constructed  using  Autodesk's  AutoCAD.  The  ensemble  is  mounted  on  computer 
controlled  X-Y-Z  precision  motion  stages  (see  Fig.  3)  allowing  the  stitching  of  large 
structures. 


Figure  2:  The  laser  micro  machining  optical  hood.  The  Argon-Ion  laser  is  visible  in  the  back.  On  the  right 
side  of  the  image,  the  beam  can  be  seen  reflecting  off  relay  mirrors,  passing  through  the  electronic  shutter 
and  beam  expander.  The  beam-splitter,  wave-plates  and  CCD  camera  labeled  on  the  image  are  not  visible 
from  this  angle.  The  open  reaction  chamber  loaded  with  a silicon  wafer  can  be  seen.  The  entire  assembly  is 
mounted  on  precision  motion  stages. 


Before  operation  the  cell  is  evacuated,  then  filled  with  99.9  % pure  chlorine  gas  to  1 00 
Torr.  After  ~2  hours  of  machining  the  remaining  chlorine  gas  and  silicon  chlorides  are 
captured  in  a scrubbing  bubbler.  Figure  4 shows  the  system  in  our  laboratory.  The 
chlorine  and  nitrogen  gas  cylinders  are  stored  in  the  gas  cabinet  on  the  right.  The  central 
hood  houses  the  laser,  reaction  chamber,  and  optics.  The  vacuum  pump  and  chlorine 
scrubbers  are  contained  in  the  small  gas  cabinet  on  the  left. 
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Figure  3:  Ensemble  view  of  the  Steward  Observatory  laser  micromachining  system  Chlorine  gas  cabinets 
are  visible  to  the  right  and  left  of  the  black  laser  machining  hood  in  the  center. 

The  operating  parameters  used  to  produce  the  structure  presented  in  this  paper  were: 
substrate  temperature  of  ~120°C,  chlorine  pressure  200  Torr,  laser  power  on  the  silicon 
4W  and  a scanning  speed  of  3 cm/s.  Using  these  parameters  l|i.m  deep  layers  were  etched 
at  a rate  of  0.27mm3/hr,  consistent  with  previous  MIT  Lincoln  Laboratories  findings 
(Bloomstein,  1996).  From  measurements  obtained  in  our  previous  collaboration  with 
Lincoln  Laboratories,  the  expected  surface  finish  out  of  the  laser  micro  machining  system 
is  ~0.1pm  rms.  This  value  can  be  improved  to  better  than  25nm  rms  through  the  use  of 
isotropic  etches.  With  those  numbers,  the  expected  losses  at  2THz  are  only  20%  more 
than  that  of  an  ideally  polished  waveguide  surface. 


IMPROVEMENTS  AND  FUTURE  WORK 

In  the  coming  weeks  we  plan  to  work  on  developing  a method  for  precisely  mapping,  in 
situ,  the  distortions  (barrel/pincushion)  that  are  caused  by  our  scanning  lens.  Once  a map 
is  established,  distortions  will  be  compensated  for  during  the  etching  process.  An 
essentially  distortion  free  system  is  essential  in  order  to  properly  stitch  etched  fields.  A 
CCD  imager  looking  down  into  the  chamber  will  be  used  to  supplement  the  motion 
stages  in  properly  registering  the  various  components.  In  the  coming  months  we  plan  to 
automate  our  gas  handling  system.  At  present,  pumping  the  reaction  chamber  down  to 
vacuum,  loading  it  with  chlorine,  and  scrubbing  the  gas  after  the  process  is  completed  is  a 
time  consuming  process. 
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We  also  plan  to  improve  the  opening  and  closing  mechanism  of  the  reaction  chamber, 
and  design  a better,  wider,  scanning  lens  that  will  permit  the  production  of  structures  up 
to  30mm  in  diameter  without  stitching.  Finally,  we  are  interested  in  exploring  etching 
parameter  space  to  get  higher  removal  rates  and  smaller  etch  depths. 


APPLICATIONS  OF  LASER  MICROMACHINED  DEVICES 

Laser  micromachining  permits  the  direct  scaling  of  successful  waveguide  and  quasi- 
optical  components  to  THz  frequencies.  The  process  works  best  for  structures  that  can  be 
machined  directly  onto  a 2-dimensional  surface.  For  example,  'split-block'  waveguide 
components  and  anti-reflection  (AR)  grooves  are  well  adapted  for  fabrication  with  this 
process.  Here  we  discuss  three  specific  examples  of  laser  machined  components, 
waveguide  magic-Tee's,  feedhoms,  and  AR  coatings.  These  components  are  needed  at 
THz  frequencies  to  enable  the  construction  of  efficient  receiver  systems  for  space  and 
airborne  astronomy  as  well  as  space-based  communication  systems. 

1 . Magic-Tee 

The  magic  tee  is  a four-port  network  in  which  an  incident  signal  on  any  one  port  divides 
between  two  output  ports  with  the  remaining  port  being  isolated.  The  magic  tee  has  been 
used  primarily  at  microwave  frequencies  in  a number  of  applications,  including  coherent 
power  combining  and  balanced  mixers.  Figure  4 is  a schematic  of  a basic  waveguide 
magic  tee. 


Port  3 


Figure  4:  Schematic  of  magic  tee  structure  (Rizzi,  1 988). 

If  the  E-arm  (Port  3)  is  match  terminated,  then  signals  incident  at  Ports  1 and  2 will  be 
isolated  from  each  other  and  combine  in  phase  at  Port  4 (Rizzi  1988).  This  configuration 
of  a magic  tee  could  be  used  to  coherently  combine  the  local  oscillator  power  from  2 or 
more  independent  sources  or  as  the  heart  of  a coherent  beam  combiner  for  space 
interferometry  missions. 
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The  match  termination  for  this  application  can  be  achieved  in  silicon  using  the  design 
shown  in  Figure  5-a.  HFSS  simulations  show  the  termination  works  well  across  the 
waveguide  pass-band  (Fig  5-b). 


Figure  5-a  (left)  5-b  (right):  Waveguide  termination  placed  on  the  E arm.  The  simulated  HP  HFSS 
attenuation  is  better  than  30dB  over  a 100  GHz  band  centered  on  810  GHz. 


Figure  6:  Conceptual  3D  rendering  of  and  interferometric  array  proposed  for  the  Large  Binocular 
Telescope  (LBT).  The  split  block  uses  laser  micro  machined  feedhoms  and  magic  tees  to  coherently 
combine  the  beams  from  two  telescopes.  A directional  coupler  is  used  to  inject  LO  power. 
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Figure  6 is  a conceptual  design  for  an  array  receiver  at  810  GHz  that  uses  magic  tees  to 
coherently  combine  the  power  from  the  two  8.4  m apertures  of  the  Large  Binocular 
Telescope  (Drouet  d'Aubigny  et  al  2000).  By  using  waveguide  beam  combining 
techniques,  the  bandwidth  limitations  imposed  by  using  digital  correlators  is  avoided. 

Balanced  mixers  offer  several  advantages  over  single-ended  mixers;  suppression  of  local 
oscillator  (LO)  amplitude  noise,  spurious  signals,  and  the  potential  of  -100  % LO  power 
coupling  (Maas  1993;  Chattopadhyay  et  al.  2000).  For  this  application,  the  input  signal 
enters  through  the  E-arm  (Port  3),  the  LO  through  the  H-arm  (Port  4),  and  there  are  two 
mixing  devices,  one  at  Port  1 and  the  other  at  Port  2 (Collin  1966).  The  ability  to 
efficiently  inject  the  LO  into  the  mixer  is  a huge  advantage  at  THz  frequencies  since  the 
available  LO  power  is  often  quite  limited  (Tong  and  Blundell  1994). 

As  a proof-of-concept,  we  have  used  the  laser  micromachining  system  to  fabricate  a 
waveguide  magic  tee  at  -1.2  THz.  An  SEM  photograph  of  the  structure  is  shown  in 
Figure  7.  The  aspect  ratio  of  the  walls  is  quite  high  and  the  surface  finish  appears  almost 
optical  in  quality.  It  should  be  noted  that  the  structure  shown  in  Figure  7 was  our  first 
attempt  to  make  a magic  tee  and  only  took  -4  minutes  to  fabricate. 


Figure  7 : SEM  snapshot  of  the  central  part  of  a 1.2  THz  magic  T structure. 


2.  Feedhoms 
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In  the  diffraction  limit,  Gaussian  beam  optics  is  often  used  in  the  design  of  telescopes  and 
receiver  systems.  Waveguide  feedhoms  provide  an  extremely  efficient  means  of 
launching  Gaussian  beams.  Indeed,  corrugated  and  dual-mode  feedhoms  are  capable  of 
coupling  -98%  of  their  power  into  the  fundamental  Gaussian  mode,  making  them  the 
most  efficient  means  of  transferring  power  into  and  out  of  many  quasi-optical  systems.  In 
comparison,  dielectric  lens  planar  antennas  have  a Gaussian  beam  coupling  efficiency  of 
at  best  ~89%  (Goldsmith  1998). 

Laser  micromachining  can  be  used  to  fabricate  corrugated  and  dual-mode  feedhoms  well 
into  the  THz  range.  Test  results  of  a 2 THz  laser  machined  feedhom  are  published  in  an 
earlier  THz  conference  proceeding  (Walker  et  al.  1997).  An  SEM  photograph  of  an  850 
GHz  feedhom  made  at  Lincoln  Labs  using  a similar  system  is  shown  in  Figure  8.  The 
throat  of  the  feedhom  terminates  in  a section  of  circular  waveguide  followed  by  a 
circular-to-rectangular  transition,  which  is  stepped  to  quarter  height  waveguide.  With 
laser  micro  machining  this  entire  structure  can  be  fabricated  in  one  run.  There  is  no  need 
for  tool  changes  or  photolithographic  masks.  With  this  technology,  the  fabrication  of 
efficient,  large,  format  feedhom  arrays  becomes  tractable. 


Figure  8:  Laser  micro  machined  corrugated  circular  feedhom  with  stepped  transition  to  rectangular 
waveguide  fabricated  at  NUT  Lincoln  Laboratories. 
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Figure  9-a,  below,  is  a conceptual  drawing  of  a 10x10  array  of  laser  machined,  dual- 
mode feedhoms  to  be  used  in  an  810  GHz  prime  focus  camera  for  the  LBT.  The  small 
(1.2  mm  diameter)  feedhoms  are  the  only  quasi-optical  components  needed.  The 
geometry  of  a dual-mode  feedhom  obviates  the  need  of  split-block  construction.  All  100 
feedhoms  can  be  machined  in  a single  small  (~1.5xl. 5 cm)  square  of  silicon. 
Metallization  of  the  feedhoms  will  be  performed  using  an  e-beam  evaporator.  An  HFSS 
simulation  of  the  emergent  beam  pattern  from  one  of  the  horns  is  shown  in  figure  6-b. 


Figure  9-a  (top),  9-b  (bottom):  3D  rendering  of  a 10x10  array  of  dual  mode  feedhoms  for  a prime  focus 
camera  to  be  used  on  the  Large  Binocular  Telescope,  a)  Design  of  laser  machined  array,  b)  Predicted  beam 
pattern  from  an  individual  horn  made  using  HP  HFSS:  E-plane  black  line,  H plane  dashed  line. 
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3.  Anti-Reflection  (AR)  Coatings 

Dielectric  lenses  are  widely  used  in  sub-millimeter-wave  systems.  They  play  a critical 
role  in  forming  the  beam  of  planar  antennas,  such  as  the  double  slot  and  dipole.  In 
addition,  quasi-optical  systems  utilizing  dielectric  lenses  are  often  more  compact  than 
comparable  systems  designed  using  reflective  optics.  The  main  disadvantages  of  using 
lenses  are  reflective  losses  off  their  surfaces  and  absorption  of  power  in  the  lens  material 
itself.  With  the  proper  choice  of  dielectrics,  such  as  silicon,  the  absorption  losses  can 
often  be  kept  to  only  a few  percent.  However,  the  reflected  power  off  the  surfaces  of  even 
low  index  of  refraction  materials  (e.g.  Teflon)  can  be  as  high  as  12%.  Lenses  made  with 
higher  dielectric  materials  have  shorter  focal  lengths  and  greater  mechanical  strength.  To 
overcome  the  increase  in  the  fractional  power  reflected  from  the  surfaces  of  such 
materials,  they  must  be  coated  with  one  or  more  layers  of  a dielectric  with  an  index  of 
refraction  intermediate  between  the  lens  material  and  free  space  (Goldsmith  1998). 
Alternatively,  the  surface  of  the  lens  itself  can  be  machined  to  simulate  the  required 
matching  layer  (Morita  and  Cohn  1955).  In  practice,  this  is  usually  achieved  by  etching 
concentric,  A./4  grooves  in  the  dielectric  surface. 

An  example  of  a 1.5  THz  AR  grooved  silicon  window  is  shown  in  Figure  8-a.  The 
bandwidth  of  the  matching  layer  can  be  increased  by  etching  grooves  with  a triangular 
cross-section  several  wavelengths  deep.  However,  both  the  rectangular  and  triangular 
concentric  grooves  are  polarization  sensitive.  This  sensitivity  can  be  avoided  if  an  array 
of  holes  is  used  instead  of  concentric  grooves  to  simulate  the  required  dielectric  layer.  If 
the  holes  have  a conical  cross  section  and  are  several  wavelengths  deep,  the  surface  can 
also  be  used  over  a wide  frequency  band  (Lesurf  1990).  A 3-D  CAD  representation  of 
such  a surface  made  in  silicon  for  operation  at  1.5  THz  is  shown  in  Figure  10-b. 

Due  to  their  small  size  scales,  it  has  been  impossible  to  use  simulated  dielectrics  as  AR 
coatings  at  THz  frequencies.  However,  with  laser  micro  machining  it  is  straightforward  to 
machine  either  concentric  grooves  or  holes  like  those  depicted  in  Figure  8 directly  into 
silicon  quasi-optical  components,  such  as  lenses  and  vacuum  windows.  We  plan  to  utilize 
these  structures  in  THz  receiver  systems  we  are  constructing  for  AST/RO  and  SOFIA. 
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Figure  10:  Conceptual  3D  rendering  of  1.5  THz  AR  matching  layers  in  silicon.  10-a  (top)  Using  concentric 
rectangular  grooves.  10-b  (bottom)  Using  conical  holes. 


SUMMARY 

Laser  micromachining  provides  a mean  of  scaling  successful  waveguide  and  quasi- 
optical  components  to  THz  frequencies  with  micron  accuracy.  A laser  micromachining 
system  optimized  for  THz  applications  is  now  in  operation  at  Steward  Observatoiy.  We 
have  fabricated  a prototype  magic  tee  structure  at  1.2  THz  and  developed  conceptual 
designs  for  laser  machined  feedhom  arrays,  coherent  beam  combiner,  and  AR  coatings. 
We  plan  to  begin  fabricating  these  structures  in  the  near  future.  With  this  system, 
machining  accuracy  of  6 microns  laterally  and  less  than  1 micron  vertical  are  possible. 
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THE  ELECTROMAGNETIC  PROPERTIES  OF  THE  SU- 
PERCONDUCTING CO-PLANAR  WAVEGUIDE 


P.  KITTARA,  G .YASSIN  AND  S.  WITHINGTON 
Department  of  Physics,  University  of  Cambridge, 
Madingley  Road,  Cambridge  CB3  OHE,  UK 


There  is  no  doubt  that  advances  in  predicting  the  electromagnetic  properties  of 
superconducting  transmission  lines  have  been  a major  contributor  to  the  recent 
impressive  improvement  in  the  performance  of  SIS  mixers.  This  progress  has 
mainly  manifested  itself  in  two  areas:  First,  it  allowed  accurate  design  of  a 
circuit  to  tune  out  the  capacitance  of  the  tunnel  junction  and  second  it  made 
integration  of  very  useful  planar  circuits  on  the  mixer  chip  possible.  In  most 
cases,  those  circuits  employed  microstrip  lines  whose  modal  and  superconducting 
properties  have  thoroughly  been  investigated. 

The  reason  for  preferring  the  (CPW)  over  the  more  familiar  microstrip  may 
arise  as  a result  of  one  or  more  of  the  following  reasons: 

• It  offers  a wide  range  of  intermediate  characteristic  impedance  values 

• It  is  insensitive  to  the  oxide  thickness. 

• It  can  have  low  conduction  losses 

• In  some  cases  the  deposition  of  coplanar  structure  can  be  simpler  then 
that  of  two  layer  structure. 

In  this  paper  we  present  full  analysis  of  the  properties  of  the  superconducting 
coplanar  waveguide  with  thick  metallisation.  We  first  calculate  the  character- 
istic impedance  and  complex  propagation  constant  based  on  a conformal  map- 
ping technique.  After  computing  the  geometrical  factors  of  the  equivalent  TEM 
transmission  line  we  use  the  Mattis  Bardeen  equations  to  include  the  effect  of 
superconductivity  on  the  electrical  parameters.  We  then  use  those  results  to 
discuses  the  possible  applications  of  the  (CPW)  in  mixer  circuits  and  make  a 
thorough  comparison  with  the  properties  of  the  conventional  microstrip.  In  par- 
ticular, we  shall  discuss  the  potential  of  this  circuit  as  a tuning  stub  and  a low 
loss  transmission  line  in  SIS  mixers  at  frequencies  near  the  superconducting  gap. 
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Gap  Excitations  and  Series  Loads  in  Microstrip  Lines: 
Equivalent  Network  Characterization  with  Application  to  THz  Circuits 

Andrea  Neto  and  Peter  H.  Siegel 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology 


Abstract 

At  submillimeter  wavelengths  typical  gap  discontinuities  in  microstrip,  CPW  lines  or  at 
antenna  terminals,  which  might  contain  diodes  or  active  elements,  cannot  be  viewed  as 
simple  quasi  statically  evaluated  lumped  elements.  Planar  Schotky  diodes  at  2.5  THz  for 
example  have  a footprint  that  is  comparable  to  a wavelength.  Thus,  apart  from  modelling 
the  diodes  themselves,  the  connection  with  their  exciting  elements  (antennas  or 
microstrip)  gives  rise  to  parasitics.  Full  wave  or  strictly  numeric  approaches  can  be  used 
to  account  for  these  parasitics  but  at  the  expense  of  generality  of  the  solution  and  the 
CPU  time  of  the  calculation.  In  this  paper  an  equivalent  network  is  derived  that 
accurately  accounts  for  large  gap  discontinuities  (with  respect  to  a wavelength)  without 
suffering  from  the  limitations  of  available  numeric  techniques. 

I.  INTRODUCTION 

Planar  circuits  utilizing  microstrip  or  coplanar  waveguide  are  often  coupled  to  active 
devices  or  antennas  through  electrically  small  gaps.  However,  at  THz  frequencies, 
practical  fabrication  scales  limit  devices,  such  as  planar  Schottky  diodes  [1],  to  dimensions 
which  are  comparable  to  a wavelength.  As  a consequence,  the  effect  of  the  gap  dimensions 
on  the  coupling  coefficient  or  resonant  frequency  of  the  associated  transmission  line  or 
antenna  cannot  be  ignored.  Nor  can  it  be  modelled  as  a quasi  statically  derived  [2  and 
references  there  cited]  single  lumped  element.  In  this  paper  the  authors  present  a new 
formulation  for  analyzing  the  effect  of  finite  gap  excitations  on  microstrip  lines.  The 
technique  involves  separating  the  excited  modes  into  reactive  elements  which  are  confined 
near  to  the  gap  and  propagating  quasi  TEM  components,  which  are  coupled  to  the 
surrounding  transmission  line  and  load  (antenna).  The  formulation  is  very  general  and  can 
be  applied  to  a large  class  of  problems  involving  discontinuities  in  transmisssion  line 
circuits.  Verification  of  the  new  method  has  been  obtained  using  traditional  but  much 
more  time  consuming  method  of  moments  (MoM)  techniques  [3,  4 for  example]. 

Recent  investigations  [5,  6,  7]  present  a direct  integration  method  to  derive  the  spectral 
Green’s  function  for  microstrip  and  strip-line.  Most  notably  they  furnish  a detailed  analysis 
of  the  singularities  of  this  Green’s  function,  while  enphasizing  on  the  excitation 
mechanisms  of  the  propagating  and  leaky  modes  compatible  with  strip  line  and  microstrip. 
This  technique  can  be  used  to  great  advantage  in  the  modeling  of  sub-mm  wave  circuits. 
The  same  formalism  was  adopted  by  one  of  the  authors,  [8,  9]  to  derive,  analytically  in 
that  case,  the  Green’s  function  of  a slot  printed  at  the  interface  between  two  different 
homogeneous  dielectrics,  and  in  [10]  to  derive  ad  hoc  basis  functions  in  the  MoM  analysis 
of  coplanar  waveguide  excited  slot  antennas. 

As  another  application  of  this  methodology,  we  investigate  in  this  paper  the  input 
impedance  of  gap  excited  microstrips  coupled  to  planar  antennas.  A rigorous  equivalent 
network  is  derived  that  accurately  accounts  for  the  field  in-and-near  large-or-small  (with 
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respect  to  a wavelength)  gap  discontinuities,  without  suffering  from  the  lack  of  physical 
insight  of  purely  numerically  derived  solutions.  On  the  contrary  the  network  approach  will 
provide  the  guidelines  on  the  one  hand  for  the  efficient  coupling  to  and  from  the  gap,  and 
on  the  other  hand  for  the  separate  characterization  of  the  reactive  energy  associated  with 
the  feed.  Full  wave  tools,  such  as  Finite  Difference  in  Time  Domain  or  Finite  Element 
Method  may  be  necessary  to  characterize  the  minute  details  of  a complicated  diode 
structure  but  are  typically  not  needed  for  the  remaining  part  of  the  circuit. 

In  our  technique  the  spectral  kernel  of  the  Greens  function  is  first  used  for  the 
determination  of  the  bound  mode  wave  number.  Then  the  evaluation  of  the  residue 
contributions  associated  with  this  pole  allows  the  derivation  of  an  equivalent  transformer 
that  accounts  for  the  gap  launching  coefficient  on  the  equivalent  transmission  line  of  the 
bound  TEM  mode  in  the  microstrip.  By  subtracting  the  current  associated  with  this  main 
mode  on  the  infinite  line  from  the  total  current,  a source  attached  current  is  defined.  This 
current,  for  the  circuit  substrates  used  in  many  sub  millimeter  planar  devices,  is  mostly 
confined  in  a region  very  close  to  the  gap.  From  this  current  a parallel  gap  impedance  is 
derived  that  accurately  represents  the  reactive  effects  of  the  gap.  The  same  formalism 
adopted  here  for  the  micro  strip  configuration,  can  be  used  for  characterizing  a wide 
variety  of  other  gap  excited  planar  transmission  lines  and  active  antennas. 


H.  FORMULATION:  ELECTRIC  CURRENTS  ON  THE  MICROSTRIP 

The  problem  under  investigation  is  shown  in  Fig.  1 . 


side  view 

J 

\ 

ground  plane 

i £r; 

1 

: x 

w 


'rO 


metallic  strip 


bottom  view 

1 y 

L J 

— 

X 

~ef 

Fig.l  Infinitely  extended  microstrip  excited  with  by  an  impressed  electric  field  distributed  over  a gap  of 
dimensions  (6,w). 


An  infinitely  extended  (along  x)  microstrip,  printed  on  a grounded  dielectric  slab  (erj, 
tr2~l)  is  considered.  The  microstrip  cross  section  (w,  along  y ) is  uniform  and  much 
smaller  than  the  wavelength.  The  structure  is  assumed  to  be  excited  by  an  impressed 
electric  field  er(x,y)=ef(x,y)ix.  The  electric  current  distribution  is  assumed  to  be 
characterized  by  a separable  space-dependence  with  respect  to  x andy;  i.e., 


j(x,y)=i(x) 


(1) 


where  the  transverse  y-dependence  is  chosen  to  verify  the  quasi-static  edge-singularities 
and  the  the  normalization  constant,  -X,  has  been  chosen  in  such  a way  that  i(x)  represents 
a net  current  flowing  in  the  microstrip  at  any  cross  section  of  the  slot  line.  The  method 
adopted  to  derive  the  current  of  a gap  excited  microstrip  has  been  presented  in  [5]-[7].  A 
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brief  review  with  the  minor  variations  introduced  in  this  paper  is  presented  in  the 
appendix.  As  a result  the  electric  current  in  the  microstrip  is  expressed  as: 


i(x)=  h I 


-F.I  fk,)ejkxX 

D(kx) 


dkT 


(2) 


where  Ef  ( kx)  is  the  Fourier  Transform  (FT)  of  the  impressed  electric  field,  with  respect  to 
the  variable  x,  and 


00 

D(kx) / G^flcx.kyjJoCl wsky  )dky 

-OO 


(3) 


with  J0  is  the  Bessel  function  of  zero  order  and  Gxx(kx,  ky)  the  FT,  with  respect  to  the 
variables  x and  y of  the  electric  field  radiated  by  a short  electric  dipole  lying  at  the 
interface  between  the  slab  and  the  homogeneous  half  space  for  z<0,  in  the  absence  of  the 
metallic  strip. 

An  interesting  aspect  of  (2)  is  that  the  impact  of  the  feed  is  all  contained  in  the  numerator 
and  in  most  practical  cases  it  is  a simple  anayitic  function.  When  the  distribution  is  uniform 
over  the  feed  region  (x)--l/6  for  x E (-6/2, 8/2)  the  excitation  is  said  to  be  a 6-gap  and 
Ef(kx)=  — sinc(kx6/2).  This  case  will  be  considered  specifically  in  the  following.  The 
denominator,  , represents  the  microstrip  spectral  Green’s  function  and  for  a detailed 


Fig.  2 Complex  kx  plane  topology  for  thin  dielectric  substrates.  Only  the  TMO  pole  of  the  grounded  slab 
is  assumed  to  be  above  cut  off. 


The  outer  integral  in  (2)  can  be  performed  by  adopting  a deformation  in  the  complex  plane 
below  the  real  axis  for  Re  ( kx)<0  and  above  the  real  axis  for  Re  (kx)>0  ( original  path  in 
Fig.  2),  in  order  to  avoid  the  branch  cuts  arising  from  the  branch  points  implicit  in  D(kx). 
Here  it  is  sufficient  to  know  that  these  branches  are  square  root  type  or  logarithmic  when 
they  originate  from  poles  or  from  the  branch  (k0)  of  the  layered  Green’s  function 
GJ£(kx,ky)  respectively.  For  a thin  dielectric  layer  configuration,  (that  is  only  the  TMO  pole 
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is  above  cut  off  in  the  grounded  slab)  the  complex  plane  topology  of  the  microstrip’s 
Green’s  function,  is  well  represented  in  Fig.  2 which  shows  the  branch  cuts  arising 
from  kTM0,  kTE,  and  k„. 

II.  1 Case  study 

It  is  instructive  to  perform  a parametric  study  of  the  currents  as  a function  of  the  gap 
dimensions.  The  information  derived  will  lead  to  the  current  representation  and  equivalent 
network  of  the  following  sections.  Fig.  3.  shows  the  real  part  (3a)  and  imaginary  part  (3b) 
of  the  current  due  to  a 1 volt  uniform  excitation  for  different  gap  dimensions  (6)  from  2 to 
1 8 pm.  The  width  of  the  microstrip  (w)  and  the  height  of  the  slab  (h)  are  8 /xm  and  3 pm 
respectively  ( h=Xo/40  at  2.5  THz).  The  relative  dielectric  constant  considered  is 
€ri=12.85.  These  parameters  and  the  maximum  gap  dimension  are  typical  of  thin  GaAs 
membrane  diode  technology  [1]  for  which  this  analysis  is  derived. 


a)  b) 

Fig.  3 Current  on  an  example  microstrip  structure  at  submillimeter  wave  frequencies  (2.5  THz)  obtained 
using  the  present  direct  integration  method  (equation  2).  Real  (a)  and  Imaginary(b)  parts  are  presented 
for  different  dimensions  of  the  excitation  gap  (8  varying  from  2 to  18  pm). 

Two  aspects  of  the  problem  should  be  noted 

i)  A launching  efficiency  issue  stands  out,  since  the  amplitude  of  the  oscillation  of  the  real 
and  imaginary  part  of  the  current  at  a certain  distance  from  the  source  is  regulated  by  the 
gap  dimensions.  As  6 tends  to  zero,  the  amplitude  of  the  current  is  a maximum  and  tends 
to  one  half  of  the  characteristic  admittance  of  the  microstrip  line.  As  6 grows  the  value  of 
the  current  diminishes. 

ii)  The  reactive  energy  in  the  feed  zone  is  strongly  affected  by  the  width  of  the  source. 
When  the  gap  dimensions  shrink  to  zero,  the  imaginary  part  of  the  current  tends  to  grow 
logarithmically  (Fig.  3b)  indicating  a capacitive  reactance.  When  the  dimensions  of  the  gap 
are  large,  the  imaginary  part  of  the  current  can  be  less  then  zero,  indicating  an  inductive 
reactance. 

II.2  Modal  and  source  attached  currents 

The  dispersion  equation,  D(kx)=0,  defines  the  position  of  the  pole  of  the  guiding  structure. 
The  localization  of  the  zeroes  of  D(kx)  as  a function  of  the  parameters  of  the  structure  (w, 
er/),  can  be  performed  numerically  by  means  of  a descent  along  the  gradient  algorithm.  As 
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a starting  point  one  can  use  the  analytical  formulas  [1],  knowing  that  the  actual 
propagation  constant  is  not  drastically  different.  Only  one  pole,  indicated  here  after  as 
±kxp,  is  found  for  the  thin  dielectric  layers  we  are  interested  in  at  2.5  THz).  In 

the  absence  of  losses,  the  pole  of  the  structure  is  found  on  the  real  axis  of  the  kx  plane  (see 
Fig.  2).  Knowingn  its  location,  the  integral  in  (2)  can  be  approximated  asymptotically  for 
| x | >6/2,  by  the  residues  of  the  poles  in  kx  = ±kxp.  These  residue  contributions  are 
expressed  as 

ires(x)=  ~ 2nj(sinc  (kx0-2))  R e~jk^R=Res  (oh)  kj=kip  (4) 

It  is  apparent  that  this  current  is  the  one  associated  with  the  quasi  TEM  mode  that 
propagates  in  the  microstrip.  A comparison  between  the  residue  evaluation  (4)  of  the 
integral  in  (2)  and  the  original  numerical  integration  is  presented  in  Fig.4a  and  Fig.  4b,  for 
two  unit  6-gap  excitation  configurations.  Outside  the  source  region  (gray  zone  in  Fig.  4) 
the  full  integration  of  (2)  and  the  sole  residue  contribution  are  almost  superimposed  due  to 
the  drawing  scale.  A source  attached  current  can  then  be  defined  and  will  be  indicated  by 

is(x)=i(x)-ires(x)  (5) 

The  source  attached  currents  represent  an  overall  current  that  contains  all  the  separate 
branch  conntributions,  without  calculating  them  separately  as  in  [7].  In  this  respect  it  is 
useful  to  observe  that  is  can  be  calculated  for  | x | >6/2,  deforming  /he  original  integration 
path  on  a path  Pd  (Fig.  2 where  only  the  spectrum  for  Re(£J>0  is  shown  ) that  surrounds 
all  the  branch  cuts  on  the  top  Rieman  sheet.  This  is  possible  because  in  thin  dielectric 
cases,  the  only  significant  singularity  encountered  in  the  deformation  is  the  pole  in  ± kxp. 


Fig,  4 Comparison  between  asymptotic  evaluation  (residue  only)  and  direct  numerical  integration  of 
the  current  for  a sample  microstrip  structure  at  submillimeter  wave  frequencies  (2.5  THz).  Also  plotted  is 
the  source  attached  field  (real  and  imaginary  parts  in  4.b  and  only  the  imaginary  part  in  4.a  since  the 
real  part  is  almost  zero  and  cannot  be  distinguished  in  the  drawing  scale).  The  width  of  the  microstrip 
and  the  dimensions  of  the  excitation  gap  (6)  are  X0/20  (6pm),  \0/60  (2pm)  respectively.  The  height  of 
the  slab  is  Xq/40  (3pm)  in  Fig.  4a  and  \0/20  (6pm)  in  Fig.  4b.  The  relative  dielectric  constant  considered 


is  (ert=I2.85). 
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The  integrand  decays  exponentially  in  the  deformed  path  Pd.  Thus  the  numerical 
calculation  of  is  is  much  more  efficient  than  along  the  original  path.  The  definition  of  the 
source  attached  current  is  also  analytically  extended  to  the  source  region,  | x \ <8/2  (but 
not  this  way  of  calculating  it,  which  must  be  done  in  accordance  with  the  definition  in 
(5)).  The  source  attached  field  is  also  plotted  in  Fig.  4.  In  [7]  it  is  demonstrated  that  each 
of  the  branch  contributions  to  the  current  decays  as  x_3/2,  thus  also  is(x)  decays  this  way 
or  faster.  It’s  value  in  the  source  zone  depends  on  the  thickness  of  the  dielectric 
considered.  In  the  very  thin  dielectric  slab  (h=\0/40)  considered  in  Fig.  4a  the  real  part  of 
is(x)  is  not  noticeable  on  the  drawing  scale  and  thus  is  not  reported.  Also  the  imaginary 
part  of  F(x)  is  very  concentrated  in  the  surrounding  of  the  source.  In  Fig.  4b  the  same 
curves  are  reported  for  a thicker  dielectric  case  (h=\0/20).  In  this  case  the  real  part  of  is(x) 
is  noticeable,  and  significant  for  larger  distances  from  the  source.  It  is  worth  repeating  at 
this  point  that  (h=\0/40)  corresponds  to  a 3fj,m  thick  dielectric  at  2.5  THz,  the  design 
target  for  this  work. 

in.  INPUT  ADMITTANCE  AND  EQUIVALENT  NETWORK 

The  current  representation  in  terms  of  source  attached  and  mode  contributions  is 
particularly  significant  when  only  one  bound  mode  is  propagating  in  the  microstrip.  In  this 
case  it  is  possible  to  derive  a rigorous  equivalent  network,  based  on  a single  transmission 
line,  that  characterizes  the  5-gap  excited  infinite  microstrip  input  impedance.  We  will  see 
in  section  IV,  that  finite  (loaded)  microstrips  can  also  be  studied  by  resorting  to  the  same 
simple  equivalent  network.  The  input  admittance  of  a 5-gap  excited  microstrip  can  be 
expressed  in  the  spectral  domain  as: 

OO 

dk,  (6) 

-OO 

Accordingly,  the  total  complex  power  radiated  by  the  source  can  be  expressed  as: 

P/Ot  ~ 2 I I ^ y inf  (7) 

The  knowledge  of  the  microstrip  characteristic  impedance  zo  [3],  together  with  the 
amplitude  of  the  traveling  wave  in  the  microstrip  from  (4),  consents  to  write  the  power 
launched  in  the  microstrip  quasi  TEM  mode  as: 

Pm=  I Vg  I 2(R+)2z0  (8) 

where  R+=  — 2nj(sinc  (kx0-2))R.  This  power  actually  leaves  the  excitation  zone  in  form 
of  a couple  of  outgoing  travelling  waves  ( ± kxp  ).  As  we  will  see  later  on,  this  power  is  the 
only  one  that  might  give  rise  to  interactions  with  components  of  the  circuit  which  are 
located  at  a significant  distance,  in  terms  of  a wavelength,  from  the  feeding  zone.  In  order 
to  derive  an  equivalent  network  that  rigorously  takes  into  account  the  gap  effects  one  may 
associate  all  the  power  that  is  not  launched  into  the  the  quasi  TEM  mode  as  being 
assigned  to  a lumped  load  indicated  as  zgap.  The  power  conservation  then  imposes: 

P gap- P lot  Pm  (9) 
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This  gap  impedance  is  imagined  as  in  parallel  to  the  source  and  to  the  modal  loading  as  in 
fig.  5a.  Accordingly  both  Pm  and  Pgap  can  also  be  expressed  as: 

Pm~2  I Vg  | ymi  Pgap  ~2  I I (10) 

thus  givin  the  explicit  relation  between  the  various  admittance  components  of  the  network 
in  fig.  5a 

y gap  ~y inf  ym  (i  i) 


The  expression  for  ym  according  to  this  definition  equating  the  two  expression  for  Pm  in 
(8)  and  (10) 

ym~2(R+)2zo  (12) 


Fig.  5 Equivalent  network  for  6 gap  excited  microstrip  structure,  a)  admittance  decomposition 
&inf=ygap+ym ),'  b) Interpretation  of  the  modal  impedance  interms  of  transformer  connected  equivalent 
transmission  line. 


So  that,  given  (12),  (11)  becomes  an  operative  definition.  It  is  useful  to  perform  a further 
algebraic  manipulation  expressing  the  modal  admittance  as 


ym= 


2z0R* -2zqR*  2X0 

2z0  " 2 


(13) 


where 


n =2z0R + =2z0  {2njR)  sine  (k^o  \ ) 


(14) 


The  introduction  of  the  coefficient  n consents  to  represent  the  modal  part  of  the 
impedance  associated  to  the  series  of  two  transmission  lines  representing  the  quasi  TEM 
mode.  These  transmission  line  are  series  fed,  via  a transformer  of  turn  ratio  n,  by  the 
parallel  combination  of  the  source  voltage  and  the  gap  impedance.  The  full  circuit  is 
shown  in  Fig.  5b. 

The  use  of  the  transformer  is  a convenient  wayof  separating  the  different  field  behavior 
associated  with  the  feeding  and  the  propagation  of  the  transmission  lines.  The  electric 
currents  in  the  source  are  oriented  parallel  those  in  the  microstrip,  both  along  x.  The 
electric  fields  in  the  source  and  in  the  transmission  line  are  orthogonal,  (along  x and  along 
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z respectively).  The  value  of  the  transformer  n for  the  same  microstrip  of  Fig.3  (operated 
again  at  2.5  THz)  is  plotted  in  Fig.  6.  as  a function  of  the  gap’s  width,  6. 


Fig.  6 Transformer  for  6 gap  excited  microstrip  structure  of  Fig . 3 


6([im) 


Fig.  7 Total  and  gap  admittance  (gap  and  total  susceptances  are  equal) 

The  gap  and  total  admittance  for  to  the  same  case  are  presented  in  fig.7.  It  should  be 
noted  that  the  gap  conductance  is  virtually  zero  for  the  case  of  the  thin  dielectric  slab,  and 
the  gap  susceptance,  coincident  by  definition  with  the  total  one,  goes  from  being 
capacitive  to  inductive  for  the  investigated  range  of  6. 

IV.  NUMERICAL  EXAMPLES,  APPLICABILITY  AND  CONSIDERATIONS 

The  purpose  of  deriving  the  equivalent  network  is  to  characterize  the  input  impedance  of 
finite,  as  opposed  to  infinite,  microstrips.  When  the  bound  mode  currents  are  much  more 
intense  than  the  source  attached  currents,  at  a certain  distance  from  the  source  one  may 
assume  that  the  source  attached  currents  intrinsically  satisfy  Maxwell’s  equations  for  the 
finite  structure.  The  loading  of  the  end-points  of  the  microstrip  will  generate  a reflection 
that  can  be  characterized  by  a load  impedance.  Thus  the  interaction  between  the  two  outer 
loads  and  the  source  can  be  accounted  for  via  a complete  equivalent  network  with 
equivalent  lumped  elements  zpz^  (Fig.  8)  located  at  the  endpoints  of  the  microstrip. 
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IV.  1 Numerical  examples 

Two  finite  length  microstrips  printed  on  a GaAs  membrane  (ery  =12.85)  have  been 
investigated  using  the  equivalent  network  in  fig.  8. 

i i 


Fig>  8 Equivalent  network  for  a 6-gap  excited  and  loaded  microstrip. 

The  dielectric  thicness  and  the  width  of  the  conductor  are  3 ptm  and  2.5  ptm  respectively. 
The  pertinent  open  end  impedance  has  been  derived  as  in  [3],  Fig.9a  shows  the  imaginary 
part  of  the  input  impedance  for  a 60/xm  long  microstrip  as  a function  of  the  frequency  for 
three  different  gap  dimensions  (0.5,  1.15,  and  15  yum).  It  is  found  that  in  the  three  cases 
the  resonant  frequency  is  the  same  and  significant  differences  are  observed  at  larger  values 
of  the  impedance.  Also  the  pertinent  curves  obtained  via  a full  wave  Method  of  Moments 
are  shown  for  the  1.15  yxm  and  the  15  fim  cases.  The  MoM  tool  uses  piece  wise  sinusoidal 
sub-domain  basis  functions  and  rectangular  weighting  functions  in  the  longitidinal 
dimension  and  assumes  a rectangular  distribution  in  the  transverse  dimension.  The 
agreement  between  the  network  solution  and  the  MoM  solution  is  excellent  apart  for  a 
minimal  (0.5  %)  resonant  frequency  shift,  probably  due  to  the  different  electric  current 
transverse  distribution  assumed  in  the  two  models. 


a)  b) 

Fig.  9 Impedance  of  a delta  gap  excited  microstrip  as  function  of  the  frequency,  a)  (1—60  pm);  b) 
l-40pm).  Also  a parametric  study  as  a function  of  6 and  comparison  with  MoM  are  shown.  The  width  of 
the  microstrip  and  the  thickness  of  the  dielectric  are  2.5  pm  and  3 pm  respectively.  The  grounded 
dielectric  is  made  of  Ga-As. 

The  case  in  Fig.  9a  ( 1=60  pm)  is  geometry  corresponds  to  a case  in  which  the  load 
impedance  (: Zn , i=l,2 ),  when  reflected  the  excitation  zone,  is  nearly  zero.  In  view  of  this 
the  gap  impedance  effect  is  relatively  minimal  since  it  is  in  parallel  to  a very  low 
impedance  load.  The  case  in  Fig.  9b  (l=40pm)  corresponds  to  a very  high  load  impedance 
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at  the  excitation  zone,  and  as  seen  the  impact  of  the  gap  becomes  dramatic.  The  resonant 
frequency  as  a function  of  the  gap  width  shifts  very  significantly  for  6 varying  from  2.3  pm 
to  6.9  pm  and  the  curves  can  easily  be  distinguished.  For  even  smaller  gaps  the  resonance 
frequency  shifts  out  of  the  figure  since  the  source  attached  currents  tend  to  be  singular  as 
6 tends  to  zero.  In  Fig.9a  is  also  plotted  a MoM  result,  for  6=3.84  pm,  which  again  shows 
excellent  agreement  with  out  model.  Finally  in  Fig.  9b  the  result  that  would  be  achieved  by 
using  the  equivalent  network  without  the  transformer  and  the  gap  impedance  introduced  in 
this  paper  is  plotted.  Not  only  is  the  resonance  frequency  poorly  modelled  but  also  the 
absolute  values  of  the  impedance  vary  widely  form  those  of  the  more  accurate  equivalent 
network  analysis. 

IV.2  Applicability 

We  will  assume  than  when  | is(x=l/2)  | < the  accuracy,  A (x=l/2)  >;~,  in  the 

evaluation  of  input  admittance  is  satisfactory.  In  fig.  10  | ires  | / 1 is  | is  plotted  as  a 
function  of  the  frequency  at  an  observation  point  located  at  Xo/10  from  the  center  of  the 
feed.  The  microstrip’s  nominal  characteristic  impedance  is  50  ohms,  the  dielectric 
thickness  and  the  width  of  the  conductor  strip  are  3 pm  and  2.5  pm  respectively.  The 
dimension  of  the  excited  gap  is  A 0/40  and  the  dielectric  is  composed  of  silicon  (er]  =11. 7). 
It  is  found  that  | ires  \ / \ is  | is  always  larger  than  100  for  frequencies  up  to  3 THz.  Thus, 
since  is(x)  decays  algebraically,  x-3/2,  any  load  at  a distance  larger  than  X0/10  can  be 
characterized  accurately  with  the  present  equivalent  network.  The  same  is  not  true  for 
thicker  dielectrics.  Also  the  investigated  microstrip  is  only  weakly  dispersive,  as  the 
normalized  propagation  constant  kxp/k0  calculated  as  explained  in  sect.  Ill  varies  from  2.8 
to  2.9  in  the  frequency  range  considered  in  Fig.  10. 

IV.  3 Considerations 

The  loads,  Fig.  (8),  typically  represent  active  impedances.  For  example  if  they  represented 
slot  antennas  their  impedance  should  be  calculated  when  both  slots  are  radiating  in  phase. 
In  this  case  the  load  connected  at  the  end  points  of  the  microstrip  will  present  a larger  real 
part.  Also  in  this  case  frequency  shifts  as  significant  as  in  Fig.  9b,  can  be  expected.  This 
has  already  been  experimentally  verified  in  a similar  slot  circuit  [11],  If  the  actual  source 
under  investigation  is  not  well  represented  by  a 6-gap  generator,  a correction  in  the 
equivalent  network  parameters  can  be  made  by  simply  substituting  the  sine  function  in  (6). 
(14)  with  the  relevant  FT  Ef  (kx),  provided  the  more  realistic  function  e?  (x)  is  still  an  even 
function,  with  respect  to  x.  If  e^(x)  also  presents  some  odd  components,  then  a single 
impedance  should  not  be  used,  and  an  even  and  odd  impedance  characterization  should  be 
adopted.  The  extra  degree  of  freedom  (odd  mode)  can  still  benefit  from  an  equivalent 
network,  that  can  be  derived  with  the  same  methodology  used  here  for  the  even  mode.  At 
this  point  ef  (x)  could  for  example  the  result  of  the  investigation  of  complicated  source  in 
isolation.  Indeed  the  procedures  presented  in  this  paper  are  found  to  be  particularly  useful 
in  connecting  an  isolated  load  or  source  to  the  remaining  part  of  the  circuit.  Full  wave 
tools  such  as  Finite  Difference  Time  Domain  or  Finite  Element  Method  may  be  necessary 
to  caharacterize  the  tiny  details  of  a complicated  source  (like  a diode)  but  are  often  not 
necessary  for  analyzing  the  remaining  part  of  the  circuit. 


536 


12th  International  Symposium  on  Space  Terahertz  Technology 


lOOOt 

800 

600 

400 

200 

100 


ground  plane  T 

3^4:  silicon 

X=0. 1 


1 1.2  1.4  1.6  1.8  2 2.2  2.4  2.6  2.8  3 

Freq.  (THz) 


Fig.  10  Ratio  between  the  amplitudes  of  the  residue  contribution  to  the  currents  and  the  source  attached 
currents.  The  graph  can  be  read  as  l/(A(l=0.1\o)).  The  microstrip  impedance  is  nominally  50  ohm.  The 
width  of  the  microstrip  and  the  thickness  of  the  dielectric  are  2.5  pm  and  3 pm  respectively.  The 
grounded  dielectric  is  made  of  silicon  (trj  —11. 7).  The  width  of  the  gap  is  \q/40. 


V.  CONCLUSIONS 

An  equivalent  network  has  been  presented  for  the  wide  band  characterization  of  the  gap  in 
a series  fed  and  loaded  microstrip  line.  The  network  consists  of  a transformer  and  a gap 
impedance.  The  transformer  accounts  for  the  launching  coefficient  of  the  mode  on  the 
equivalent  transmission  line  representing  the  microstrip  and  is  evaluated  analytically  by 
simple  interpretation  of  the  spectral  expression  of  the  microstrip  Green’s  function.  The  gap 
impedance  accounts  for  the  current  distribution  in  the  region  surrounding  the  feed,  and  is 
calculated  by  simple  spectral  domain  numeric  integration  (less  then  3 minutes  on  a 300 
MHz  Pentium  II).  The  procedure,  validated  via  MoM,  will  work  for  any  kind  of  dielectric 
stratification,  but  is  meaningful  when  one  bound  mode  is  above  cut  off  in  the  microstrip. 
Submillimeter’s  wave  problems  in  which  this  equivalent  network  can  be  applied  include  the 
design  of  receivers  (i.e.  diodes  as  mixers  or  frequency  multipliers)  and  generators  (i.e. 
photomixer  based  local  oscillators). 


APPENDIX:  SOLUTION  OF  THE  INTEGRAL  EQUATION 

According  to  the  equivalence  principle  an  Electric  Field  Integral  Equation  (EFIE)  is  set  up 
and  enforced,  via  a point  matching  like  procedure  only  on  the  longitudinal  axis  of  the 
micro  strip  (y=0). 


If  gxx(x-x’,  0-y)jx(x\  y)dx’dy’=  - ef  (x.  0)  (A0) 

where  E is  the  entire  microstrip  domain.  The  point  matching  (or  razor  blade)  as  testing 
procedure  is  selected  in  order  to  mantain  the  same  formalism  used  [8-10]  for  the 
characterization  of  slot  antennas  printed  between  two  different  homogeneous  dielectrics. 
All  the  quantities  are  scalar,  because  of  the  x-polarisation  of  all  the  scattered  and 
impressed  electric  fields  involved  in  the  equation,  and  neglecting  cross  polarized  electric 
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currents  (in  view  of  the  small  cross  section  of  the  strip).  The  left  hand  side  of  (AO) 
represents  the  electric  field  at  z=0  radiated  by  the  electric  current  density  jx.  The  Green’s 
function,  that  appears  in  the  kernel  of  this  integral  equation,  is  the  electric  field 
radiated  by  a short  electric  dipole  lying  at  the  interface  between  the  slab  and  the 
homogeneous  half  space  for  z<0,  in  the  absence  of  the  metallic  strip. 

The  electric  current  distribution  is  assumed  to  be  characterized  by  a separable  space- 
dependence  with  respect  to  x and  y;  i.e., 

j(x',y)=i(x)  -jt(y) . (Al) 

The  transverse  y-dependence  is  chosen  to  verify  the  quasi-static  edge-singularities 


jt(y)  possesses  a closed- form  Fourier  transform, 

Jt  (ky)=FT {jt  (y)}  =Jq(\w  ky),  (A3) 

where  JQ  is  the  Bessel  function  of  zero  order.  The  IE  (1)  is  now  transformed  into  the  kx- 
Fourier  domain  as 

OO 

I(kx)  fGxx(kx,  -y)  j,(y ) dy  = - E* (kx),  (A4) 


where  I(  kx)  and  G -y)  are  the  FT,  with  respect  to  the  variable  x,  of  i(x)  and  g^x, 
y),  respectively.  Equating  the  two  spectra  in  kx  it  is  apparent  that 


Wx)  D(k’)  '•  (A5) 

where 

oo^  OO 

D(kx)-jG(kXl  — y ) jt(y) dy  J G(kXlky)Jo(^wsky  )dky  (A 6) 

-OO  -OO 

represent  the  spectral  domain  Green’s  function  of  the  microstrip  line  and  G(kx,ky)  is  the  FT 
of  g(x,  y)  with  respect  to  both  the  variables  x and  y.  The  electric  current  on  the  microstrip 
can  then  be  expressed  as: 


*(x)=  h I 


-Ef(k,)e~jkxX 

DOcJ 


dkr 


(A  7) 
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Abstract 

We  have  constructed  a 4-channel  receiver  at  810  GHz  for  use  on  the  Antarctic 
Submillimeter  Telescope  and  Remote  Observatory  located  at  the  South  Pole  (AST/RO). 
The  array  was  assembled  and  tested  at  the  Steward  Observatory  Radio  Astronomy  Lab 
(SORAL)  and  then  installed  on  AST/RO  in  November-December  2000.  In  this  paper  we 
describe  the  instrument  and  its  performance  both  in  the  lab  and  on  the  telescope. 

Introduction 

The  cold,  dry  conditions  at  the  South  Pole,  coupled  with  its  relatively  high  altitude 
(-10,500  ft)  make  it  an  excellent  location  for  observations  at  submillimeter  wavelengths. 
The  Antarctic  Submillimeter  Telescope  and  Remote  Observatory  (AST/RO)  with  its 
1 .7  m aperture  was  designed  and  built  to  take  advantage  of  these  conditions  (Stark  et  al 
2001).  Figure  1 shows  a CO  J=4-»3  image  of  the  giant  molecular  cloud  NGC  6334  made 
with  AST/RO.  CO  J=7— >6  and  [Cl]  spectra  toward  the  same  object  are  also  shown.  These 
are  ‘first  light’  data  taken  in  the  middle  of  the  Antarctic  summer  with  a dual  channel, 
460/810  GHz  receiver  system  built  by  our  team  a few  years  ago.  Much  higher 
atmospheric  transmission  is  routinely  available  in  the  winter.  These  almost  ideal 
atmospheric  conditions  and  the  resulting  observing  efficiency  available  from  the  South 
Pole  motivated  us  to  build  an  8 10  GHz  array  for  use  on  AST/RO.  Figure  2 is  a 
photograph  of  the  receiver  ‘front-end’  as  it  appeared  in  the  lab  before  deployment. 
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Simultaneous  C I and  3tO  J=7*6  in  NGC  6334 


Observed  at  the  South  Pole  with  AST/RO 
and  the  Arlzona/KOSMA  810  GHz  receiver 


Figure  1 


Figure  2:  PoleStar  frontend  and  control  electronics  during  testing  at  SORAL. 

Pole  Star  Optical  Design 

The  purpose  of  the  optical  system  is  to  reimage  AST/RO’ s focal  plane  onto  a compact 
2x2  array  of  lenses  located  in  the  array  cryostat  and  to  efficiently  inject  local  oscillator 
power  into  each  mixer.  Focal  plane  reimaging  is  achieved  by  a pair  of  parabolic  mirrors 
and  two  flats  (Figure  3).  Each  AST/RO  beam  expands  from  the  focal  plane  located  -900 
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mm  above  the  receiver  pallets  on  to  the  first  offset  parabola  (PI).  PI  collimates  the  beams 
and  conveys  them  via  two  flats  to  the  second  parabola  (P2).  P2  focuses  and  re  parallelizes 
the  beams  so  that  they  arrive  at  the  mixer  lenses  with  the  correct  size  and  placement.  The 
beam  ‘footprint’  of  the  array  on  NGC  6334  is  shown  in  Figure  1 (open  circles).  Each 
diffraction  limited,  half-power  beam  diameter  is  ~54”. 

PoleStar  Array  Optics 


To  Telescope 


Figure  3 


The  local  oscillator  for  the  array  is  a single  oscillator  (J.  Carlstrom)  and  multiplier 
(Erickson  & Narayanan).  A quasi-optical  LO  power  divider  (Figure  4)  is  used  to  split  the 
focused,  42  |iW  LO  beam  into  4 equal  parts.  The  power  dividing  is  accomplished  by  two, 
low-loss,  -50%  crystalline  quartz  beamsplitters.  Each  beam  splitter  is  paired  with  a flat 
mirror  to  give  the  emerging  beams  the  proper  horizontal  and  vertical  offsets.  After 
including  all  loss  mechanisms,  we  estimate  that  18%  of  the  incident  LO  power  is  in  each 
LO  beam  at  the  output  of  the  power  divider.  The  LO  polarization  is  orthogonal  to  the 
signal  beams.  The  four  beams  are  then  injected  into  the  ‘sky’  signal  path  by  a high 
quality  wire  grid.  A Martin-Puplett  interferometer  then  rotates  the  LO  beam  polarization 
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to  match  that  of  the  sky  and  directs  them  into  the  cryostat.  A 2x2  array  of  HDPE  lenses 
then  focuses  the  beams  into  the  mixer  feedhoms. 


Figure  4:  PoleStar’s  quasioptical  LO  power  splitter. 

Pole  Star  Front-End  Design 


Cryostat 

The  Pole  STAR  cryostat  (Figure  5)  was  constructed  by  Precision  Cryogenics  and  is 
based  on  the  successful  CSO  hybrid  design.  It  uses  a CTI  model  350  coldhead  to  cool  the 
outer  and  inner  radiation  shields  to  -77  and  -12  K,  respectively  and  a 4 liter  liquid 
helium  can  to  maintain  the  mixers  at  their  operating  temperature.  This  same  basic  design 
is  used  for  all  AST/RO  and  CSO  receivers.  In  the  single  pixel  AST/RO  receivers,  30.5 
mm  diameter,  Teflon  coated,  crystalline  quartz  windows  are  used  at  300  and  77  K.  Zytex 
is  used  as  the  IR  filter  on  the  1 2 K radiation  shield.  With  a good  vacuum,  hold  times  of 
-6  days  can  be  achieved.  With  Pole  STAR,  we  have  4 such  apertures  to  contend  with  in 
the  same  cryostat.  Furthermore,  Teflon  coated,  crystalline  quartz  windows  are  difficult  to 
obtain  and  the  emerging  beams  from  our  close-packed  lens  array  makes  it  impossible  to 
fabricate  4 independent  vacuum  windows.  At  77  K,  we  have  simply  substituted  an 
additional  layer  of  Zytex  for  the  50  mil  quartz  windows.  For  the  300K  vacuum  window, 
we  are  using  a 7.62  mm  thick  disk  of  HDPE  in  which  4 cylinders  with  the  diameter  of  the 
emerging  beams  have  been  milled  out  to  a depth  of  6.65  mm  (see  Figure  6).  The 
membrane  thickness  at  the  bottom  of  the  cylinders  corresponds  to  4 lambda  at  370 
microns.  The  machining  of  these  windows  leaves  behind  a thick  cross  member  structure 
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which  helps  keep  the  window  from  collapsing  under  atmospheric  pressure.  The 
absorption  loss  through  the  window  is  estimated  to  be  <5%.  With  all  4 mixers  and 
amplifiers  mounted  in  the  cryostat,  the  measured  hold  time  is  ~3  days.  The  holdtime  is 
much  better  than  expected  based  upon  the  optimum  performance  of  the  single  pixel 
receivers.  This  was  achieved  by  doing  away  with  the  ‘vent’  tube  normally  used  in  these 
cryostats.  In  the  lab  we  have  found  that  without  the  vent  tube,  the  fill  line  is  LESS  likely 
to  ice  up,  most  likely  due  to  the  increased  back  pressure  of  helium  gas. 


Figure  5:  Layout  of  PoleStar  array  cryostat. 
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Figure  6:  HDPE  vacuum  window  for  PoleStar. 


Mixers 

The  SIS  mixers  used  in  PoleStar  were  made  by  KOSMA.  Each  mixer  uses  a Potter  horn 
with  a circular  to  Vi  height  waveguide  transition  to  couple  radiation  to  a Nb  SIS  junction. 
The  junctions  achieve  low  noise  (-450  - 650K)  performance  through  the  use  of  an  on- 
substrate  A1  tuning  structure  and  a fixed  waveguide  backshort.  The  mixers  have 
embedded  magnets  to  suppress  the  Josephson  effect.  A four- wire  bias  system  is  used  to 
ensure  stable  operation  of  the  mixers. 

Pole  Star  IF  Processing 

Figure  7 provides  a global  schematic  of  the  IF  processing  in  Pole  Star.  The  1 .5  GHz 
output  of  each  mixer  is  amplified  -30  dB  by  a low-noise,  1-2  GHz  amplifier  mounted  to 
the  cryostat’s  12  K radiation  shield  (Figure  5).  The  amplifiers  are  balanced  and  have  a 
Lange  coupler  on  their  input,  effectively  eliminating  the  need  for  an  isolator.  Each  signal 
is  then  amplified  an  additional  35  dB  by  room  temperature  Miteq  amplifiers  mounted  on 
the  dewar  frame. 


545 


12"'  International  Symposium  on  Space  Terahertz  Technology 


Pole  Star  IF  Chain 
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Figure  7 

After  passing  through  a 3.6m  cable  run  the  array  IFs  enter  a 4-channel  total  power  box. 
The  total  power  box  provides  60  db  more  amplification  and  contains  a bandpass  filter  and 
crystal  detector  that  permits  the  total  power  of  each  receiver  channel  to  be  measured 
either  manually  or  under  computer  control.  Once  through  the  total  power  box,  the  4 IFs 
enter  an  up/downconverter  box  which  translates  the  1.5  GHz  IFs  to  14.5  GHz  and  then 
down  to  2.075  GHz,  the  center  frequency  required  by  the  array  Acousto-Optical 
Spectrometer  (aAOS)  (see  the  next  section). 

Pole  Star  Array  AOS 

The  Array  AOS  (aAOS)  built  by  KOSMA  provides  four  independent  spectrometer 
channels,  each  with  -1  MHz  of  spectral  resolution  over  a 1 GHz  bandwidth.  At  810  GHz, 
these  numbers  translate  to  0.37  and  370  km/s  respectively.  It  uses  a single  laser,  a 
4-channel,  lithium  niobate  Bragg  cell,  and  a custom  CCD  to  achieve  its  performance 
parameters.  The  aAOS  has  been  successfully  tested  on  the  IRAM  30m  and  CSO. 


Pole  Star  Bias  Control 


Hardware 

The  SIS  junctions,  the  electromagnets  used  to  suppress  quantum-generated  mixer  noise, 
and  the  Low  Noise  Amplifiers  (LNA’s)  all  require  noise-free,  accurate  electrical  biasing 
for  reliable  operation.  On  single-pixel  receivers,  providing  the  appropriate  biasing 
voltages  and  currents  is  handled  adequately  by  individual  boxes  with  manual 
potentiometers  and  LCD  panels  on  the  front.  With  the  advent  of  array  receivers,  however, 
the  sheer  number  of  boxes  required  makes  this  kind  of  control  impractical.  The  PoleStar 


546 


12'h  International  Symposium  on  Space  Terahertz  Technology 


bias  system  uses  proven  circuit  design  used  on  single  pixel  receivers  at  AST/RO  and  the 
Henrich  Hertz  Telescope.  We  replace  the  manual  potentiometers  in  these  designs  with  a 
Xicor  digital  potentiometer,  and  package  4 channels  of  bias  on  a single  Euro  96  card. 
These  modular  4 channel  cards  can  be  plugged  into  a backplane  in  a 19”  equipment  rack, 
allowing  easy  extensibility  to  more  channels.  All  digital  communications  with  the  bias 
system  are  done  through  a bi-directional  optically  isolated  connection  with  the  control 
computer.  The  I2C  bus  used  for  digital  communications  has  a separate  clock  line.  The 
digital  lines,  including  the  clock,  are  only  active  when  changing  a bias  setting.  The 
voltages  and  currents  for  the  SIS  junctions,  magnets  and  amplifiers,  the  total  power  from 
the  4 channel  total  power  box  and  the  cryostat  temperature  information  are  read  through  a 
A/D  card  in  the  control  computer.  Signals  from  the  bias  system  are  multiplexed  with 
Burr-Brown  analog  mulitplexers,  and  read  through  a single  BNC  output.  This  design 
eliminates  any  clocks  or  digital  signals  in  the  bias  rack  except  when  changing  to  a new 
bias  value. 

A block  diagram  of  our  bias  control  system  is  shown  in  Figure  8.  This  design  can  support 
up  to  16-channels  with  no  modifications,  and  is  extensible  to  over  100  channels  in  its 
current  configuration  using  a single  control  computer. 


Pole  Star  810  GHz  Array 
Electronics 
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Software 

The  philosophy  of  compactness  and  flexibility,  seen  in  the  design  of  the  computer 
controlled  bias  electronics,  carries  into  the  software  design  as  well.  The  I2C  signals 
needed  by  the  electronics  is  generated  at  the  parallel  port  of  an  otherwise  normal  rack- 
mounted PC  running  the  Linux  operating  system.  The  excellent  documentation  of  system 
internals,  tight  use  of  system  resources,  remote  accessibility  via  X-Windows,  and  free 
compilers  and  programming  tools  make  Linux  an  excellent  choice  for  this  design.  An 
Intelligent  Instrumentation  PCI-20428W  multi-purpose  Data  Acquisition  (DAQ)  card  is 
used  for  non-I2C  control  of  the  instrument. 

The  actual  array  software  is  highly  modular  and  the  source  code,  written  in  C and 
supplemented  by  Perl  CGI  is  nearly  independent  of  the  hardware.  The  actual  graphical 
user  interface  takes  advantage  of  the  open  source,  popular  and  highly  capable  GTK+ 
X-Windows  toolkit.  All  bias  control  functions  can  be  accessed  remotely.  The  mixer  bias 
control  window  is  shown  in  Figure  9.  The  current  Pole  Star  PC  is  powered  by  a 75  MHz 
AMD  K5  processor,  comparable  to  a 75  MHz  Pentium,  and  with  “only”  32  MB  of  RAM. 


Figure  9:  SIS  bias  control  window  on  PoleStar 
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Pole  Star  Performance 


Receiver  Noise  Measurements 

Figure  10  shows  the  LO  pumped  IV  curves  of  each  of  the  4 mixers  together  with  IF 
power  sweeps.  The  red  curve  shows  the  IF  power  output  when  a HOT  (290K)  load  is 
placed  in  front  of  the  receiver.  The  blue  curve  shows  the  response  with  a COLD  (77K) 
load  . When  the  system  performance  was  optimized  for  each  channel  in  the  lab,  a Y- 
factor  of  ~ 1 .2  was  achieved  for  receivers  channels  1 , 2,  and  3,  Due  to  a small 
misalignment  of  the  mixer’s  feedhom  (later  corrected),  a Y-factor  of  1.12  was  achieved 
on  channel  4.  A Y-factor  of  1.2  corresponds  to  a receiver  noise  temperature  of  -970K 
and  includes  all  loss  (optics,  windows,  Martin-Puplett,  IF  amp,  etc.)  in  the  system. 


I— V ond  Total  Powsr  Sw#*p 


I — V ond  Total  Power  Sweep 


!-V  and  Total  Power  Sweep 


l-V  and  Total  Power  Sweep 


Figure  10:  PoleStar  receiver  performance  curves. 

These  receiver  noise  temperatures  are  about  a factor  of  two  higher  than  those  obtained 
with  the  same  mixers  in  a laboratory  receiver  system  at  KOSMA.  In  the  KOSMA 
measurements  reflective  optics  and  a Mylar  vacuum  window  and  LO  beamsplitter  were 
used.  We  estimate  the  HDPE  mixer  lens  and  vacuum  window  used  in  Pole  STAR  add 
<100  K to  the  receiver  noise  temperature.  The  balance  of  the  receiver  noise  temperature 
appears  to  come  from  optical  loss  in  the  Martin-Puplett  LO  diplexer.  Due  to  the  long  path 
lengths  and  relatively  large  beamwaists  required  by  the  array,  a loss  of  3 dB  in  the 
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Martin-Puplett  can  occur  if  there  is  as  little  as  -0.5°  tilt  in  the  entrance  beam.  With  a 
single  pixel  system,  it  is  often  possible  to  adjust  the  relative  position  of  the  Martin- 
Puplett  and  receiver  cryostat  to  compensate  for  small  alignment  errors.  When  dealing 
with  multiple  pixel  systems  this  is  much  more  difficult  to  do.  Indeed,  when  all  4 receiver 
channels  were  optimized  for  simultaneous  operation  in  Pole  STAR,  walk-off  effects  in 
the  Martin-Puplett  added  an  additional  ~3  dB  of  optical  loss.  These  results  suggest  that 
the  implementation  of  Martin-Puplett  diplexers  for  large  format  arrays  may  in  practice  be 
problematic.  If  a narrower  operational  bandwidth  and  some  loss  (~3  dB)  in  LO  power  can 
be  tolerated,  a better  approach  may  be  to  use  a thin  (~3  mm)  silicon  etalon  (Mueller 
2001)  as  an  LO  diplexer.  The  small  path  lengths  through  such  a silicon  beamsplitter 
would  minimize  the  adverse  effects  of  small  optical  misalignments. 

Receiver  stability  measurements  on  Pole  STAR  were  made  by  monitoring  the  IF  output 
power  of  2 of  the  receivers  over  ~ 1000  sec.  The  IF  power  variation  was  about  1 part  in 
1000  over  this  period. 

Beam  Pattern  Measurements 

A computer  controlled  antenna  test  range  was  constructed  to  measure  the  4 Pole  STAR 
beams.  We  used  a liquid  nitrogen  load  with  a 10  mm  aperture  as  the  signal  source.  The 
signal  was  chopped  and  synchronously  detected  using  a lock-in  amplifier  connected  to 
the  receivers’  total  power  output.  Maps  of  the  4-beams  and  their  relative  placement  are 
shown  in  Figure  1 1 . To  within  the  measurement  errors  the  beams  have  the  right  size  and 
shape.  One  beam  (from  Mixer  3)  had  a small  squint  angle  compared  to  the  others.  On 
warm-up,  the  horn  on  this  mixer  was  found  to  be  out  of  alignment  and  was  readjusted. 

4 Chonnel  Beam  Map 


X (cm) 

Figure  1 1 : PoleStar  beam  patterns. 
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First  Light  on  AST/RO 

Pole  STAR  was  installed  on  AST/RO  during  a 3 week  period  from  mid  November  to 
early  December  2000.  Figure  12  shows  the  First  Light  spectra  obtained  toward  NGC 
6334.  Two  CO  J=7— >6  and  [Cl]  lines  were  observed.  Pole  STAR  will  remain  at  the  Pole 
and  be  used  for  astronomical  observations  later  this  year. 
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Figure  12:  First  light  spectra  taken  with  PoleStar  at  AST/RO. 


Summary 

We  have  constructed  a 2x2,  810~GHz  array  receiver  for  the  AST/RO  telescope.  The 
array  utilizes  a common  set  of  reimaging  optics,  an  efficient  4-way  quasi-optical  LO 
power  splitter,  a solid-state  LO,  low  noise  mixers,  a flexible  computer  controlled  bias 
system,  and  an  array  AOS.  The  system  is  modular,  permitting  upgrades  to  be  made  as 
new  technologies  become  available. 
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ABSTRACT 

We  describe  the  frontend  design  of  KOSMA’s  new  multi  frequency  SIS  array  receiver, 
which  is  currently  being  built  to  be  used  at  our  submillimeter  telescope.  The  receiver 
consists  of  two  2x4  mixer  arrays.  One  array  operates  at  a frequency  of  490  GHz,  the 
other  one  at  810  GHz.  We  can  thus  simultaneously  observe  eight  spatial  positions  in 
two  frequencies. 

After  passing  through  a K-mirror  type  image  rotator,  the  two  frequencies  are 
separated  by  polarization  and  individually  combined  with  their  local  oscillators  (LOs), 
using  Martin-Puplett  diplexers.  Splitting  of  the  LOs  is  performed  with  a new  type 
of  phase  grating,  the  collimating  Fourier  grating. 

Because  of  space  and  weight  restrictions  at  the  3m  KOSMA  telescope,  most  of  the 
optics  is  outside  the  dewar.  The  dewar  window  is  located  at  an  image  plane  of  the 
telescope  pupil  to  reduce  the  window  size.  Inside  the  dewar  the  two  polarizations  are 
split  and  the  individual  beams  are  focused  into  the  feed  horns  with  a faceted  mirror. 
The  opto-mechanical  design  makes  extensive  use  of  our  CNC  machining  capabilities. 
As  far  as  possible  we  machine  complete  sub-units  from  monolithic  blocks,  in  order  to 
reduce  the  need  for  optical  alignment. 

We  describe  the  optical  design  of  the  instrument  and  present  the  first  test  results 
obtained  in  early  2001. 


GENERAL  FEATURES 

The  receiver  will  be  installed  at  the  KOSMA  3m  telescope1  at  Gornergrat  near  Zer- 
matt/Switzerland later  this  year.  It  will  be  capable  of  observing  two  frequency  bands 
simultaneously  extending  from  approximately  450  to  500  GHz  and  from  800  to  880 
GHz,  respectively.  The  two  frequencies  are  split  by  polarization. 

Each  frequency  is  equipped  with  a 2x4  pixel  array  of  waveguide  SIS  mixers.  The 
two  subarrays  are  superimposed  on  the  sky  with  a spacing  between  the  array  pixels 
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of  100",  which  corresponds  to  twice  the  FWHM  of  a single  beam  at  490  GHz.  We 
use  a K -mirror  type  image  rotator  to  compensate  for  the  image  rotation  introduced 
when  tracking  an  astronomical  source  with  an  Alt-Az  mounted  telescope. 


(a)  Receiver  geometry  (b)  Beam  path 

Figure  1.  Drawings  of  the  receiver  layout  and  the  beam  path  as  it  will  be  mounted  at 
the  telescope. 

The  detectors  are  fixed  tuned  SIS  waveguide  mixers.2  The  IF  signals  are  analyzed 
with  four  4-channel  array-acousto-optical  spectrometers.3  In  order  to  speed  up  the 
tuning  cycle  of  the  instrument,  we  implemented  a computer  controlled  automatic 
mixer  tuning  algorithm,  which  sets  the  mixer  bias  voltages  and  the  magnet  currents 
to  suppress  the  Josephson  effect.  The  software  also  advises  the  observer  to  increase 
or  decrease  the  local  oscillator  (LO)  power  level  for  optimum  mixer  performance. 

Since  the  telescope  and  the  observatory  are  relatively  small,  we  had  to  make  an 
effort  to  keep  the  instrument  as  compact  as  possible.  We  therefore  placed  most  of  the 
optics  elements  at  ambient  temperature  to  reduce  the  dewar  size,  although  this  will 
increase  the  receiver  noise  temperature  to  some  extent. 

The  two  frequencies  each  use  one  LO  chain  which  is  multiplexed  between  the  8 
mixers  using  a new  variant  of  the  recently  developed  Fourier  grating4,5,  a reflective 
phase  grating. 
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The  optical  alignment  of  the  instrument  is  simplified  by  the  usage  of  pre-aligned 
optical  building  blocks,  which  are  quasi-monolithically  machined  on  a CNC  milling 
machine. 

We  use  a closed  cycle  Gifford-Mc Mahon  refrigerator*  to  cool  the  detectors  to 
approximately  4 K. 

Fig.  1 shows  the  receiver  mounted  to  the  telescope.  In  order  to  keep  a compact 
arrangement,  the  receiver  optics  wraps  around  the  telescope  structure  and  the  eleva- 
tion drive  motors  sticking  out  of  it.  The  instrument  consists  of  three  main  parts:  the 
image  rotator  unit,  which  is  mounted  above  the  triangular  receiver  mounting  brack- 
ets, the  main  optics  part,  which  contains  the  LO-unit  and  the  diplexer  unit,  and  the 
dewar. 


OPTICAL  LAYOUT 

The  instrument  uses  one  of  the  Nasmyth  ports  of  the  KOSMA  telescope  (Fig.  1). 
The  first  optical  element  is  the  image  rotator,  which  consists  of  three  plane  mirrors 
mounted  in  a K-arrangement  on  a rotating  unit.  The  subsequent  optics  contains 
two  Gaussian  telescopes.  The  first  Gaussian  telescope  reimages  the  focal  plane  to 
the  center  of  the  diplexer  unit.  Within  the  diplexer  unit,  the  signal  is  split  by  a 
polarizer  grid  to  distribute  the  two  input  frequencies  to  two  independent  Martin- 
Puplett  interferometric  diplexers.  The  same  polarizer  grid  is  used  to  couple  the  LO 
signals  into  the  diplexers.  The  output  ports  of  the  diplexers  are  combined  again  using 
a second  polarizer  grid. 

The  second  Gaussian  telescope  reimages  the  diplexer  waists  to  the  mixer  units 
inside  the  dewar.  The  dewar  window  is  located  between  the  two  mirrors  forming 
this  Gaussian  telescope.  To  minimize  the  window  size,  we  put  it  at  an  image  of  the 
telescope  aperture,  where  the  beam  cross  section  is  minimal. 

The  space  underneath  the  diplexer  unit  is  taken  up  by  the  LO-unit,  creating  and 
distributing  the  LO  signals.  This  unit  is  described  in  detail  in  the  paper  by  Heyminck 
and  Graf.5 

The  mixer  units  inside  the  dewar  collimate  and  combine  the  beams  of  the  individ- 
ual mixers  before  injecting  them  into  the  common  optics.  In  contrast  to  other  array 
receiver  designs6,7’8,  we  avoided  lenses  and  use  only  reflective  optics  in  the  design  of 
the  mixer  units. 

’Sumitomo,  SRDK-415 
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(a)  (b) 

Figure  2.  Drawing  (a)  and  photograph  (b)  of  the  490  GHz  mixer  unit.  The  beam  from 
the  mixer  feed  horn  is  reflected  by  a plane  mirror  onto  one  of  eight  paraboloidal  mirror 
facets,  which  collimates  the  beam  for  injection  into  the  array  optics. 

MIXER  UNIT 

The  relative  spacing  of  the  array  pixels  on  the  sky  is  determined  by  the  ratio  of 
the  beam  spacing  to  the  beam  waist  at  the  point  where  the  beams  enter  the  common 
receiver  optics.  In  order  to  reduce  the  beam  spacing  on  the  sky  it  is  therefore  necessary 
to  increase  the  individual  beam  waists  before  injecting  them  into  a common  optics. 
This  is  most  easily  done  with  a collimating  optical  element  directly  in  front  of  each 
mixer.  Fig.  2 shows  the  arrangement  we  have  chosen,  to  achieve  the  collimation  with 
purely  reflective  optics. 

The  divergent  beam  from  the  mixer  feed  horn  is  reflected  back  by  a plane  mirror 
(lifted  up  in  Fig.  2(a)  to  expose  the  underlying  features)  onto  a paraboloidal  collimat- 
ing mirror.  8 paraboloids  for  the  8 mixers  are  combined  to  create  a facetted  mirror 
block.  These  mirror  facets  together  with  the  mounting  surfaces  for  the  plane  mirrors 
and  for  the  blocks  holding  four  mixers  each,  are  machined  in  one  machining  cycle  on 
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a numerically  controlled  milling  machine.  This  means  that  from  the  first  to  the  last 
cut  neither  the  workpiece  nor  the  tool  have  been  removed  from  the  machine,  making 
sure  that  all  the  machining  is  done  in  the  same  machine  reference  frame.  Through 
this  technique  the  accuracy  of  the  finished  workpiece  does  not  depend  on  the  skills  of 
the  machinist  anymore,  but  exclusively  on  the  positioning  accuracy  of  the  machine. 
The  latter,  we  estimate  is  on  the  order  of  a few  microns  for  the  relative  positioning 
of  all  the  relevant  surfaces  of  the  block. 

To  avoid  alignment  errors  introduced  by  the  mounting  of  the  mixers,  we  decided 
not  to  fix  the  mixer  blocks  in  place,  but  rather  to  hold  the  feed  horns  in  their  exact 
positions.  In  this  way  we  exclude  alignment  errors  from  the  fact  that  feed  horns 
may  not  always  be  perfectly  aligned  perpendicular  to  the  mixer  body.  Accurate 
positioning  of  the  feed  horns  is  achieved  by  inserting  them  into  tight  fit  reamed  holes 
in  CNC-precision  machined  blocks,  which  in  turn  are  mounted  to  the  CNC-machined 
mounting  surfaces  on  the  mixer  units. 

Fig.  2(b)  shows  a photograph  of  the  finished  parts  of  the  mixer  unit  for  490  GHz, 
with  two  mixer  blocks  mounted  and  a third  one  ready  to  be  mounted.  Fig.  3 is  a 
side  view  of  the  fully  assembled  unit,  showing  four  mounted  mixer  blocks  and  the 
HEMT-amplifiers  connected  to  them. 


Figure  3.  Side  view  of  the  assembled  490  GHz  mixer  unit  showing  four  mixers  and  their 
HEMT  amplifiers. 
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Figure  4.  Drawing  of  the  4K  assembly.  Two  mixer  units,  the  polarizer  grid  and  the  first 
common  mirror  of  the  array  optics  are  sandwiched  between  two  identical,  CNC-machined 
plates  (top  plate  not  shown  here). 

THE  4K  ASSEMBLY 

Two  mixer  units  are  mounted  together  with  a polarizer  grid  and  the  first  common 
mirror  to  form  the  4K  assembly  of  the  receiver  (Fig.  4).  Again  we  simplified  the 
alignment  by  precision  machining  all  the  components.  The  optical  elements  are  sand- 
wiched between  two  identical  plates.  The  outer  contour  of  these  plates  has  been  cut 
in  one  machining  cycle  on  the  CNC  milling  machine,  thereby  creating  the  mounting 
surfaces  for  all  the  optical  elements  and  a number  of  stiffening  plates  with  very  high 
accuracy. 

There  are  no  adjustable  parts  in  the  4K  assembly.  When  all  the  pieces  are  bolted 
together,  it  forms  a single  optical  element,  which  only  has  to  be  aligned  to  the  rest  of 
the  receiver  optics  as  a whole.  In  this  way  the  16  pixel  array  receiver  does  not  require 
more  optical  adjustments  than  a single  pixel  receiver. 

Mounted  inside  the  dewar,  the  4K  assembly  is  hanging  down  from  the  dewar  top 
plate  by  a number  of  epoxy  straps.  All  the  electrical  feed  throughs  as  well  as  the  cold 
head  flange  are  located  in  the  top  plate  of  the  vacuum  vessel.  This  design  improves 
the  serviceability  of  the  system,  since  all  the  components  can  be  accessed  easily  after 
removal  of  the  dewar  cylinder  and  the  radiation  shield. 

The  refrigerator  cold  head  is  connected  to  the  mixer  units  with  flexible  copper 
straps  to  reduce  the  mechanical  coupling  and  to  provide  a thermal  low  pass  to  dampen 
temperature  fluctuations. 
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CLOSED  CYCLE  REFRIGERATOR 

We  use  a Sumitomo  SRDK  415  closed  cycle  refrigerator  to  cool  the  instrument  to 

4 K.  The  high  cooling  capacity  of  the  refrigerator  (approximately  1.5  W at  4 K)  is 
very  convenient.  However,  the  cold  head  temperature  fluctuates  significantly.  Fig. 

5 shows  the  temperature  fluctuations  measured  at  different  places  during  a 3 second 
time  interval.  Directly  at  the  cold  head,  the  peak  to  peak  temperature  change  is 
almost  150  mK.  This  variation  is  dampened  to  some  extent  on  the  way  to  the  mixer 
unit,  where  we  measure  a peak  to  peak  variation  of  somewhat  less  than  20  mK.  It 
is  not  clear,  how  much  of  this  variation  is  seen  by  the  SIS  junction,  because  some 
of  it  may  also  be  dampened  by  the  thermal  coupling  to  the  mixer  block.  If  further 
measurements  indicate  that  the  temperature  change  at  the  junctions  is  significant, 
we  will  either  have  to  compensate  it  with  a regulated  heater  or  dampen  it  more  by 
adding  a passive  volume  of  liquid  helium.9 


Temperature  fluctuations  due  to  coldhead  cycle 


t [sec] 

Figure  5.  Temperature  fluctuation  measured  at  different  places. 


In  addition  to  the  temperature  fluctuations,  the  cold  head  introduces  vibrations 
to  the  system.  Measurements  with  an  accelerometer  indicate  that  at  some  places  in 
the  receiver  these  vibrations  reach  an  amplitude  of  several  tens  of  microns.  We  are 
currently  developing  a vibration  damping  system  to  reduce  these  oscillations. 
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FIRST  RESULTS 

Shortly  before  the  Symposium,  we  obtained  our  first  results  with  a preliminary  setup 
of  only  two  active  mixers  inside  the  dewar.  The  main  purpose  of  these  measurement 
was  to  find  out  whether  the  optical  concept  of  the  receiver  is  reasonable.  We  used  a 
chopped  cold  load  mounted  on  an  XY-translation  stage  to  scan  the  intensity  distri- 
bution in  the  receiver  beams  near  the  location  of  the  telescope  focus.  Fig.  6 shows 
the  beam  maps  measured. 


Figure  6.  Beam  map  measured  simultaneously  with  two  mixers  at  490  GHz. 


Both  beams  are  round  and  have  the  same  size,  which  coincides  with  their  nominal 
size  to  within  5%.  Also  the  spacing  between  the  two  beams  agrees  well  with  the 
design  value.  Although  this  result  is  very  preliminary,  and  more  beam  maps  will  have 
to  be  measured  with  a complete  array,  it  indicates  that  the  optical  setup  performs  as 
designed. 

Receiver  noise  temperatures  have  not  been  measured  yet,  because  the  polarizer 
grids  required  in  the  diplexer  unit  have  not  been  delivered,  due  to  a severe  delay  in 
the  manufacturing.  Thus,  the  measurements  described  above  were  made  with  Mylar 
beam  splitters  as  substitutes  for  the  polarizer  grids  in  the  Martin-Puplett  diplexer, 
which  results  in  a high  loss  in  the  diplexer  and  greatly  increased  receiver  temperature. 
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CONCLUSION 

We  have  built  a dual-frequency  490/810  GHz,  16  pixel  array  receiver  system,  which 
is  scheduled  to  be  operational  at  the  KOSMA  telescope  by  fall  2001. 

The  frontend  optics  design  of  the  receiver  makes  massive  use  of  our  CNC-ma- 
chining  capability.  Wherever  possible,  we  precision  machine  optics  building  blocks 
containing  several  optical  elements  in  one  prealigned  unit.  Through  this  technique  we 
reduce  the  alignment  effort  for  the  array  receiver  to  a level  typical  for  a single  pixel 
receiver. 

We  have  obtained  the  first  preliminary  measurements  of  the  receiver’s  antenna 
patterns,  indicating  that  the  optical  setup  works  as  designed.  Further  measurements 
will  be  made  during  the  testing  phase  which  has  just  started.  Also,  we  will  have  to 
investigate  the  extent  of  instabilities  introduced  by  the  closed  cycle  refrigerator  and 
possibly  find  ways  to  eliminate  them. 
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Array- Receiver  LO  Unit  using  collimating 

Fourier- Gratings 
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Ziilpicher  Strafie  77,  50937  Koln,  Germany 

Abstract 

The  local  oscillator  (LO)  unit  in  our  490/810GHz  array  receiver  needs  to  transform  a 
divergent  beam  coming  from  a horn  antenna  into  an  array  of  well  collimated  beams. 
Based  on  our  development  of  reflective  phase  gratings  (Fourier  gratings)  we  designed 
a compact  LO  unit  using  newly  developed  collimating  gratings. 


Figure  1.  Old  arrangement  of  the  LO  unit  using  a collimating  mirror  and  a plane  Fourier 
Grating  (left  hand  side)  and  the  new  one  with  the  collimating  Fourier  grating. 


Figure  2.  Example  of  the  surface  topology  of  a collimating  grating  and  a computer 
simulation  of  its  far  field  diffraction  pattern.  Contour  levels  in  both  plots  are  from  10% 
to  90%  in  steps  of  10%. 

Further  author  information:  E-mail:  lastname@phl.uni-koeln.de 
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Using  planar  gratings,  the  LO  source  had  to  be  reimaged  to  form  a plane  wave  at 
the  location  of  the  grating.  The  new  collimating  Fourier  grating  is  matched  to  the 
wave  front  curvature  of  the  divergent  beam  and  does  not  require  an  additional  colli- 
mating element.  Because  of  the  smooth  grating  structure  it  is  possible  to  produce  the 
collimating  Fourier  gratings  on  a commercial  numerically  controlled  milling  machine. 

We  present  the  design  of  the  grating  and  the  entire  LO  unit  combined  with  first 
measurements. 

Keywords:  phase  grating,  beam  splitter,  heterodyne  array  receiver,  submillimeter 
beam  multiplexer,  LO  unit 


Introduction 


Beam  rotator 


One  problem  we  had  to  solve  while  building  the  KOSMA  Array  Receiver  was  to 
distribute  local  oscillator  (LO)  power  to  the  different  mixers.  It  is  impractical  in  terms 
of  tunability  and  complexity  of  the 
resulting  setup  to  use  one  LO  for 
each  mixer  in  the  array.  So  it  is 
necessary  to  use  one  LO  for  a larger 
number  of  mixers  which  means  mul- 
tiplexing the  LO  signal. 

Waveguide  splitters  as  they  are 
in  use  at  IRAM2  work  well  at  longer 
wavelengths,  but  are  very  difficult 
to  manufacture  for  our  frequency 
range  (490GHz  and  810GHz). 

Using  beam-splitters  as  in  the 
AST/RO  - Pole  Star  array3  is  ef- 
ficient for  a small  number  of  mix- 
ers. But  with  an  increasing  number 
of  mixers  the  optics  gets  more  and 

more  complex.  For  our  array  of  2 | 45cm 

times  2x4  mixers  we  were  looking  LO  unit 

for  a more  elegant  way  of  multiplex- 
ing the  LO.  Figure  3.  KOSMA  Array  Receiver1 


Diplexer  unit 


The  use  of  phase  gratings  to 

split  the  local  oscillator  signal  into  a given  number  of  equal  beams  is  one  other  possibil- 
ity. Binary  phase  gratings  also  known  as  Dammann  gratings,4  or  multilevel  gratings 
with  higher  efficiency,  have  been  used5,6,7  as  LO  multiplexers.  These  stepped  gratings 
are  difficult  to  produce  as  reflection  gratings  for  a 2 dimensional  array  of  mixers.  To 
overcome  this  manufacturing  problem  and  to  increase  the  efficiency  we  introduced 
the  Fourier  grating  concept.8,9 
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An  other  important  design  driver  was  the  need  to  reduce  the  number  of  optical 
elements  to  minimize  alignment  problems.  In  order  to  fit  the  receiver  at  the  relatively 
small  KOSMA  telescope10  on  Gornergrat  (Switzerland)  we  also  had  to  shrink  some 
components  of  the  receiver  as  far  as  possible. 

To  reach  these  goals  we  combined  a parabolic  mirror  and  a Fourier  grating  to  form 
one  optical  element.  This  results  in  a very  compact  and  simple  design  of  the  LO  unit 
(fig.  8). 


Fourier  gratings11 

Fourier  gratings,  as  we  developed  them  over  the  last  two  years,  have  a continuous 
phase  modulation.  This  results  directly  from  the  way  these  gratings  are  designed.  To 
model  the  phase  structure,  we  use  a finite  Fourier  series  (with  typically  13  coefficients 
per  spatial  dimension).  The  coefficients  are  calculated  by  a random  search  followed 
by  an  optimization  process. 

Fourier  gratings  have  a very  high  efficiency.  For  most  one  dimensional  diffraction 
patterns  the  efficiency  is  above  90%.  In  two  dimensions  it  is  typically  80%  or  higher. 


Structure  of  the  qrotinq 


1 _100  0 100 

4 beam  direction  x-offset  (mm] 


Figure  4.  Surface  topology  of  a 2x4  beam  grating  containing  2x2  unit  cells  (left  hand 
side).  Contour  levels  are  in  steps  of  0.5  radians.  The  right  hand  side  shows  a measured 
diffraction  pattern  produced  by  this  grating  structure  at  490GHz.  Contour  levels  are  from 
5%  to  95%  in  steps  of  10%  of  the  peak  intensity. 

Because  of  the  continuous  phase  modulation,  we  get  a smooth  surface  structure. 
This  allows  a 2 dimensional  manufacturing  with  high  accuracy  (±3 fim  RMS)  on  a 
numerically  controlled  milling  machine.  With  this  manufacturing  technique  we  are 
not  limited  to  planar  gratings,  but  can  also  produce  grating  structures  superimposed 
on  a curved  surface. 
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The  grating  bandwidth  is  limited  to  less  than  ±5%  of  the  design  frequency.  This 
range  could  be  stretched  somewhat  by  using  a zoom  optics  setup.  However,  we 
considered  it  simpler  to  design  exchangeable  gratings.  With  a small  number  (3  to  4) 
of  gratings  we  can  then  cover  the  total  bandwidth  of  a typical  astronomical  receiver. 

An  LO  unit  built  with  such  a planar  Fourier  grating  would  look  similar  to  the 
arrangement  shown  in  figure  1 (left  hand  side).  The  divergent  beam  coming  from  the 
horn  antenna  of  the  LO  has  to  be  reimaged  to  form  a plane  wave  front  at  the  location 
of  the  Fourier  grating.  This  grating  is  finally  multiplexing  the  signal  to  the  various 
mixers. 


Collimating  Fourier  gratings 

The  idea  of  a collimating  Fourier  grating  is  to  combine  the  collimating  mirror  needed 
to  re-image  the  LO  beam  and  the  grating  itself  into  one  optical  component. 

By  shrinking  the  distance  between 
the  grating  and  the  collimating  mir- 
ror (fig.  1 left  hand  side)  to  zero, 
the  collimating  mirror  changes  from 
an  ellipsoidal  to  a parabolic  mirror. 
The  grating  structure  is  then  super- 
imposed on  this  mirror. 

To  do  this,  the  structure  of  the 
flat  grating  is  projected  onto  the 
parabola  along  the  direction  of  the 
reflected  LO  signal  as  shown  in  fig- 
ure 5.  When  projecting  the  grat- 
ing structure  onto  the  parabola  the 
structure  height  changes  to 

^ _ hfiat 
cos  (a) 

where  a is  the  local  geometrical  re- 
flection angle.  This  height  is  added 
along  the  surface  normal  of  the 
parabolic  mirror.  The  resulting  structure  and  the  theoretical  diffraction  pattern  is 
shown  in  figure  2. 

A quick  and  dirty  measurement  of  such  a grating  is  shown  in  figure  7.  The 
8 resulting  beams  and  their  correct  positions  are  clearly  shown.  Because  of  poor 
alignment  the  power  distribution  between  the  beams  is  not  as  expected.  Nonetheless, 
this  measurement,  together  with  the  numerical  simulation  and  our  previous  experience 
with  planar  Fourier  gratings  convinced  us  of  the  usefulness  of  these  devices. 
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Figure  6.  Photograph  of  the  two  collimating  Fourier  gratings  for  490GHz  (right  hand 
side)  and  810GHz.  The  reference  planes  around  the  structure  are  manufactured  along 
with  the  grating.  One  unit  cell  contains  4 sub  cells  arranged  in  a square.  The  size  of  the 
unit  cell  changes  with  the  design  wavelength. 


- 1 00  0 1 00 

X-Offset  [mm] 

Figure  7.  Intensity  distribution  in  the  diffraction  pattern  of  a collimating  Fourier  grating 
measured  at  490GHz.  The  variations  in  the  intensity  of  the  beams  are  due  to  poor 
alignment  in  the  measurement  setup.  Contour  levels  are  in  steps  of  10%  of  the  peak 
intensity. 
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KOSMA  Array  Receiver  LO  unit 

Figure  8 shows  the  design  of  the  Array  Receiver  LO  unit  together  with  the  beam-paths 
for  the  two  frequencies  (490GHz  and  810GHz).  The  two  frequencies  are  superposed 
onto  each  other  by  a polarizer  grid. 

The  gratings  and  their  holders  are  designed  such  that  the  grating  can  be  easily 
exchanged  in  order  to  overcome  bandwidth  limitations.  For  different  frequencies 
within  the  receiver  band  we  can  use  different  gratings  to  maximize  the  efficiency  of 
the  LO-system.  Springs  press  the  grating  against  three  reference  surfaces  for  accurate 
repositioning.  The  reference  planes  on  the  grating  are  manufactured  along  with  the 
grating  structure  (figure  6).  This  gives  us  the  position  accuracy  required  and  allows 
a rapid  change  of  the  grating  without  the  need  for  realignment,  when  the  observing 
frequency  is  changed. 


Figure  8.  Overview  of  the  LO  unit 


Equal  pump  levels  were  achieved  on  both  mixers  during  a first  test  run  of  the 
system  without  doing  any  alignment  work  on  the  LO  unit.  In  figure  9 we  show  the 
IV-  and  the  conversion  curves  of  both  mixers.  Because  of  the  symmetry  of  the  array 
receiver  optics  these  two  mixers  represent  one  half  of  the  array. 
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Figure  9.  Pumped,  un-pumped  IV-  and  conversion  curves  of  the  two  mixers  in  the  array. 

We  verified  that  exchanging  of  the  gratings  does  not  affect  the  alignment.  The 
pump  levels  and  the  conversion  curves  did  not  change  when  removing  the  grating  and 
putting  it  back  into  its  holder. 


Conclusions 

The  concept  of  the  collimating  Fourier  grating  works  well  for  the  mixer  arrangement 
used  in  our  receiver  as  is  shown  by  the  measured  diffraction  pattern  of  the  490GHz 
grating.  Based  on  earlier  tests  with  flat  grating  structures  for  various  other  mixer 
arrangements,  we  are  also  sure  that  we  can  produce  collimating  Fourier  gratings  for 
other  diffraction  patterns. 

In  addition  to  the  diffraction  measurement,  we  got  equal  pump  levels  in  the  two 
mixers  we  had  in  the  array  until  now.  Removing  and  putting  back  the  grating  has 
no  effect  on  the  pump  levels  and  the  conversion  curves,  indicating  that  the  grating 
repositions  accurately.  The  additional  work  in  changing  the  frequency  of  the  array 
receiver,  in  comparison  to  a single  pixel  receiver,  is,  therefore,  just  to  swap  these 
gratings. 

Simulations  and  measurements  done  with  the  flat  Fourier  gratings  show  the  high 
efficiency  of  the  LO  splitting  by  this  grating  type. 

With  the  LO  unit  built  for  the  KOSMA  490/810GHz  array  receiver  we  reached  a 
compact  design  which  is  easy  to  tune  and  which  is  efficient  in  terms  of  the  LO  power 
distributed  to  the  mixers. 
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Abstract 

The  non-linear  quasiparticle  tunnel  current  flowing  in  a distributed 
superconductor-insulator-superconductor  (SIS)  transmission  line  resonator  has  been 
exploited  in  a low-noise  heterodyne  fixed-tuned  waveguide  receiver  in  the  600  GHz  band. 
The  mixer  employs  two  half-wave  or  full-wave  distributed  SIS  long  junctions  connected  in 
series.  These  devices  have  been  fabricated  with  optical  lithography.  Preliminary  results 
show  that  a noise  temperature  of  240  K is  routinely  obtained  at  around  600  GHz.  The  best 
double-side-band  receiver  noise  temperature  measured  so  far  is  161  K at  597  GHz.  The 
achieved  RF  bandwidth  is  only  about  5 % and  the  center  frequency  of  the  resonance  is  also 
shifted  towards  lower  end  of  the  target  frequencies. 

I.  Introduction 

Distributed  mixer  based  on  the  nonlinear  quasi-particle  tunnel  current  in  a 
superconductor-insulator-superconductor  (SIS)  nonlinear  transmission  line  requires  a 
lower  current  density  tunnel  barrier,  simpler  matching  circuitry,  and  lower  magnetic  field 
to  operate  when  compared  with  conventional  lumped-element  SIS  mixers.  Waveguide 
receivers  incorporating  such  long  SIS  junctions  have  demonstrated  quite  wide  bandwidth, 
very  low  noise  temperatures  at  submillimeter  wavelengths  [1][2].  However,  the  widths  of 
these  junctions  have  to  be  submicron  to  achieve  reasonably  high  impedance  for  ease  of 
matching.  Consequently,  they  have  to  be  fabricated  using  electron  beam  lithography  [3]  or 
with  edge  junction  technique  [4]. 

In  standard  fabrication  process  with  optical  lithography,  the  junction  area  is  commonly 
defined  through  square  or  round  resist  stencils.  In  order  to  fabricate  long  distributed 
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junctions,  long,  narrow  stencils  are  required.  Such  geometry  is  not  ideal  from  the  point  of 
view  of  fabrication  process,  in  particular  the  reactive  ion  etching  steps.  Damaged  stencils 
result  in  too  large  variation  of  the  individual  junction  size  over  a wafer.  In  addition,  the 
lift-off  process  after  Si02  or  A1203  sputter  deposition  is  difficult  or  even  not  possible  at 
very  narrow  line  widths.  In  this  work,  we  have  experimented  with  wider  (>  1 pm)  and 
shorter  (=kg,  kg/2)  SIS  transmission  lines.  This  type  of  resonant  distributed  mixer  was 
proposed  by  Belitsky  [5]  and  a quasi-optical  version  of  it  has  been  tested  by  Uzawa  [6], 

To  achieve  good  matching  between  the  waveguide  embedding  circuit  and  such  a large 
distributed  junction,  we  employ  2 resonant  junctions  connected  in  series,  each  with  its  own 
quarter-wave  transformer  section.  This  design  allows  for  a lower  circuit  embedding 
impedance.  Also  the  IF  capacitance  is  reduced  by  half.  The  details  of  fabricated  and 
laboratory  test  data  will  be  presented  below. 

II.  Non  linear  transmission  line  resonator  mixer  design 

The  characteristic  impedance  of  our  1 .4  pm  wide  non-linear  transmission  line  is  only 
about  1 f2.  At  its  half-wave  resonant  and  full-wave  resonant  frequencies,  the  input 
resistance  becomes  reasonably  large  and  the  reactance  vanishes.  Fig.  1 shows  the 
theoretical  [7]  input  impedance  at  660  GHz  as  a function  of  the  length  of  the  resonator. 
Note  that  the  resonance  structures  are  clearly  observed. 

A waveguide  horn  couples  the  RF  radiation  to  the  waveguide  and  mixer  chip.  Fig.2 
illustrates  the  layout  of  the  mixer  design,  and  Fig.  3 is  an  SEM  photograph  of  a single  SIS 
long  junction.  Two  types  of  resonant  long  junctions  have  been  designed:  the  5.7  pm  long 
half-wave  resonator  (labeled  HWR)  and  the  11.4  pm  long  full-wave  resonator  (labeled 
FWR).  The  nominal  junction  width  is  1 .4  pm.  Two  series  connected  resonator  junctions  are 
each  integrated  with  a quarter-wave  transformer.  This  arrangement  has  a dual  purpose. 
First,  it  halves  the  IF  output  capacitance.  Thus,  the  output  capacitance  of  a HWR  chip  is 
about  0.4  pF  and  that  of  an  FWR  chip  is  about  0.8  pF.  Secondly,  the  embedding  impedance 
seen  by  each  device  is  reduced.  We  need  only  to  match  each  resonator  to  an  impedance  of 
about  20  Q.  We  have  incorporated  a quarter-wave  transformer  with  a characteristic 
impedance  of  8 £2  on  the  HWR  chip  and  6 12  for  the  FWR  chip. 

III.  Junction  Fabrication 

The  Nb/A10x-Al/Nb  tunnel  junction  was  fabricated  using  standard  SNEP  (Selective 
Niobium  Etching  Process)  incorporating  the  anodization  technique  [8],  The  processing 
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steps  are  illustrated  in  Fig.  4. 

Waveguide  mixer  elements  for  high  frequencies  require  substrate  materials  with  low 
dielectric  constants  and  low  absorption.  Therefore  crystalline  quartz  substrates  are  used. 
The  fabrication  of  the  SIS  mixer  circuit  starts  with  the  deposition  of  a Nb/A10x-Al/Nb 
tri-layer  in  a photoresist  mask  defining  the  low-pass  filter  for  the  IF  output.  The  base  Nb 
layer  is  200  nm  thick.  The  film  stress  was  measured  [9]  using  the  film  on  an  extra  wafer 
processed  in  same  batch  and  it  is  adjusted  to  about  0.5  ± 0.1  GPa  to  achieve  high  quality 
(subgap  to  normal  resistance  ratio,  Rsg/Rn~20)  SIS  junction.  The  measured  stress  of  films 
is  shown  in  Fig.  5.  Just  after  the  deposition  of  the  base  layer,  a 6 - 8 nm  thick  A1  film  is 
sputtered  in  same  chamber.  The  oxidation  of  the  A1  film  is  performed  in  the  load-lock 
chamber  with  53  mTorr  Ar  + 10%O2  for  30  min.  The  target  critical  current  density  is  7.5 
kA/cm2.  Then  100  nm  thick  Nb  counter  electrode  is  deposited.  After  the  lift-off  of  the 
photoresist,  75  nm  Si02  is  deposited  on  the  whole  wafer  to  protect  the  surface  of  the  Nb 
counter  electrode  from  being  oxidized  in  the  later  anodization  process.  For  the  definition  of 
the  junctions,  first  lines  are  patterned  on  top  of  the  tri-layer  using  positive  resist  ip3 100HS 
[10]  and  the  Canon  PLA501  contact  mask  aligner  operating  Deep-UV.  Then  the 
unprotected  parts  of  the  Si02  and  counter  Nb  film  are  etched  away  to  obtain  the  long 
junctions.  In  order  to  avoid  short-current  at  the  junction  edges,  periphery  of  the  junctions 
are  anodized,  followed  by  the  deposition  a 270  nm  Si02  and  a 90  nm  AI2O3.  After  lifting 
off  the  resist,  the  Si02  layer  is  removed,  and  exposed  area  of  the  top  Nb  electrode  is  etched 
with  1 .5  Pa  At  plasma  for  4.5  min.  Finally,  the  wiring  Nb  layer  was  deposited  and  patterned 
and,  a gold  layer  was  evaporated  by  e-beam  deposition  to  provide  good  contact  pads  for  the 
IF  port  and  ground. 

IV.  Receiver  noise  measurement 

The  mixer  chip  is  installed  in  a fixed-tuned  waveguide  mixer  block  developed  for  the 
Sub-Millimeter  Array  [1],  For  laboratory  noise  temperature  measurements,  we  have 
employed  a liquid  helium  cryostat.  The  measurement  setup,  as  shown  in  Fig.  6,  is  identical 
to  what  was  previously  described  by  Tong  [8].  The  IF  is  1.5  GHz.  Local  oscillator  power  is 
provided  by  a cascade  of  solid-state  multipliers  pumped  by  a Gunn  oscillator.  The  LO 
beam  is  collimated  by  a 90  degree  off-axis  parabolic  mirror.  A Martin-Puplett 
interferometer  provides  LO  and  signal  diplexing.  The  beam  reflected  off  the  paraboloid 
passes  through  several  layers  of  infrared  blocking  filters,  made  from  porous  Teflon  sheet, 
at  77  K and  4.2  K,  is  then  focused  on  the  mixer  feed  using  a parabolic  mirror. 
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The  heterodyne  receiver  noise  measurements  were  made  using  the  standard  Y-factor 
method  for  room  temperature  (295  K)  and  liquid-nitrogen-cooled  (77  K)  loads. 
Double-side-band  noise  temperature  is  computed  from  the  experimental  Y-factor  with  no 
correction  for  Planck’s  radiation  law. 

V.  Results  and  Discussion 

Using  resistance  data  from  large  (5.0,  3.0,  2.0,  1.75  and  1.5  pm  square)  junctions 
fabricated  on  same  wafer,  the  current  density  of  the  barrier  is  determined  to  be  about  7.0 
kA/cm2,  which  is  close  to  the  design  value.  The  subgap  to  normal  state  resistance  ratio 
(Rsg/Rn)  is  typically  >15.  Fig.  7 shows  a typical  I-V  curve  of  a foil-wave  long  junction 
(nominally  1 .5  pm  x 10.8  pm=  16.2  pm2),  together  with  its  measured  heterodyne  response 
at  579  GHz  to  hot  and  cold  loads.  From  the  normal  state  resistance  of  this  device  of  3.98  £2, 
we  infer  that  junction  size  is  13.6  pm2.  This  means  that  there  is  a difference  of  around  0.22 
pm  in  both  length  and  width  of  device  compared  with  the  design  values.  At  a bias  voltage 
of  3.8  mV,  a Y-factor  of  1 .72  is  obtained.  This  corresponds  to  a double-side-band  receiver 
noise  temperature  of  226  K. 

A number  of  chips  have  been  tested.  A noise  temperature  of 240  K is  routinely  obtained 
at  around  600  GHz.  The  measured  noise  temperature  as  a function  of  LO  frequency  is 
plotted  in  Fig.  7 for  both  an  HWR  and  a FWR  chip.  When  the  helium  bath  temperature  is 
lowered  to  2.5  K,  the  receiver  noise  temperature  is  reduced  by  about  100  K.  The  lowest 
noise  temperatures  measured  at  2.5  K is  161  K at  597  GHz.  The  double  sideband 
conversion  loss  corresponding  to  the  lowest  receiver  noise  point  are  estimated  to  be  8 ± 2 
dB  and  7 ± 2 dB,  for  the  half  and  foil  wave  resonators,  respectively.  The  IF-amplifier  noise 
temperature  is  around  5 K. 

The  achieved  RF  bandwidth  of  all  measured  devices  is  only  about  5 % that  is  around  30 
GHz.  The  center  frequency  of  the  resonance  is  also  shifted  by  about  10  % toward  the  lower 
end  of  the  target  frequencies.  We  believe  that  the  frequency  shift  and  the  narrow  RF 
bandwidth  are  result  of  the  undersized  junctions;  we  estimate  0.22  pm  of  shrinkage  for  a 
nominally  1.4  pm  design.  The  measurement  setup  can  also  be  improved  to  give  better 
sensitivity  toward  the  higher  end  of  the  frequency  band. 

VI.  Conclusion 

Preliminary  tests  have  been  made  on  a distributed 
superconductor-insulator-superconductor  (SIS)  resonant  mixer  in  a fixed-tuned  waveguide 
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mount  in  the  600  GHz  band.  The  best  double-side-band  receiver  noise  temperature 
measured  so  far  is  161  K at  597  GHz.  However,  the  achieved  RF  bandwidth  of  every 
measured  device  is  only  about  5 % (that  is  about  30  GHz)  and  the  center  frequency  of  the 
resonance  is  also  shifted  10  % (that  is  around  60  GHz)  towards  lower  frequencies.  These 
effects  are  caused  by  impedance  mismatch  between  waveguide  and  the  junctions,  because 
the  design  parameters  are  slightly  different,  and  because  the  resonator  width  was  shrunk  by 
about  0.22  pm  during  fabrication  process,  especially  photolithography  and  REE.  We  are 
currently  working  on  a second  batch  of  devices  designed  with  parameters  extracted  from 
the  measurement  data. 
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Length  [pm] 

Fig.  1 Calculated  real  and  imaginary  parts  of  the  input  impedance  of  a 1.4  pm 
wide  open-ended  SIS  transmission  line.  Note  that  around  integer  multiples  of  Xg/2 
(6  pm  in  this  case),  the  reactance  vanishes  and  the  resistive  part  becomes  larger. 


Fig.  2 Layout  of  the  resonant  SIS  mixer  Fig.  3 SEM  photograph  of  a full 
chips.  wave  resonant  distributed  SIS 

quasiparticle  tunnel  junction. 
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Fig.  4 Fabrication  steps  for  SIS  tunnel  junction  with  Selective  Niobium  Etching 
Process  (Selective  Niobium  Etching  Process)  incorporating  with  the  anodization 
technique. 
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Fig.  5 SIS  quality  factor,  Rsg/Rn,  as  a function  of  internal  stress  of  base  Nb 
film.  Minus  sign  represents  compressive  stress.  Thin  film  with  about  0.5  GPa 
compressive  stress  gives  relatively  high  quality  junctions. 
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Fig.  6 Layout  of  receiver  experiment.  The  mixer  assembly,  parabolic  mirror  and 
HEMT  amplifier  are  mounted  on  the  4.2  K-cold  plate. 
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Bias  Voltage  [mV] 

Fig.  7 DC  current-voltage  characteristics  of  the  resonance  distributed  SIS  junction 
mixer  without  and  with  incident  LO  power  at  579  GHz.  Also  shown  is  the  receiver  IF 
output  power  as  a function  bias  voltage  for  hot  and  cold  loads.  A Y-factor  of  1 .72  is 
noted  at  a bias  voltage  of  3.8  mV. 


Frequency  [GHz] 

Fig.  8 DSB  noise  temperature  as  a function  of  frequency.  Results  are  shown  for 
FWR  (Xg)  and  HWR  (Xg/2)  resonator  length  mixer  noise  temperature  at  2.5  K and 
4.2  K,  respectively 


600  620  640  660  680  700  720 

Frequency  [GHz] 

Fig.  9 Simulated  conversion  gain  of  resonant  SIS  mixer.  Note  that  the  center 
frequency  changes  with  the  junction  width  because  of  changes  in  the  capacitance  of 
the  non-linear  transmission  line. 
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ABSTRACT 

The  Atacama  Large  Millimeter  Array  (ALMA)  requires  low  noise  SIS  receivers  for 
frequencies  from  about  80  GHz  to  950  GHz  with  very  large  IF  bandwidth  (4-12  GHz). 
Additional  requirements  for  these  receivers  are  high  reliability,  low  cost  and  the 
possibility  of  series  production.  In  this  paper  we  report  on  mixer  designs  based  on 
standard  Nb/A10x/Nb  SIS  junction  technology  and  an  optics  design  for  ALMA  band  9 
(602  - 720  GHz). 

We  present  the  design  of  a tunerless  balanced  waveguide  SIS  mixer  and  a quasi-optical 
double  slot-antenna  mixer  as  well  as  an  optical  design  to  couple  the  telescope  beam  to  the 
mixer.  The  waveguide  balanced  mixer  is  based  on  a magic  T with  integrated  RF  and  LO 
feed  horns. 

Losses  in  the  Nb  film  increase  at  frequencies  above  the  Nb  gap  frequency  of  690  GHz 
and  limit  the  mixer  sensitivity  at  the  high  end  of  ALMA  band  9.  In  this  paper  we  present 
a layout  concept  of  the  optics  and  the  mixers  as  well  as  an  analysis  of  its  RF  properties 
which  shows  that  efficient  mixer  operation  is  still  possible  across  this  band  without 
changing  the  material  of  tuning  elements. 

INTRODUCTION 

The  Atacama  Large  Millimeter  Array  (ALMA)  requires  low  noise  SIS  receivers  for 
frequencies  from  about  80  GHz  to  950  GHz  with  very  large  IF  bandwidth  (4-12  GHz). 
ALMA  will  be  built  in  the  Atacama  Desert  (Chili)  at  the  altitude  of  more  than  5 km.  The 
atmospheric  conditions  for  mm  wave  astronomical  observations  at  this  site  are  among  the 
best  in  the  world.  The  array  will  consist  of  at  least  64  antennas,  each  with  a diameter  of 
12  m. 
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Table  1,  ALMA  frequency  coverage 


Band 

Low  end  frequency  (GHz) 

High  end  frequency  (GHz) 

1 

31 

45 

2 

67 

90 

3 

84 

116 

4 

125 

163 

5 

163 

211 

6 

211 

275 

7 

275 

370 

8 

385 

5Q0 

9 

602 

720 

10 

787 

950 

The  Alma  frequency  band  is  divided  into  ten  subbands  that  are  shown  in  table  1 . These 
bands  coincide  with  regions  where  the  atmosphere  is  relatively  transparent  and 
astronomical  observations  are  possible.  The  receivers  for  the  different  subbands  will  be 
mounted  in  a common  cryostat  supporting  three  temperature  levels:  4.3  K,  ~10K  and 
80  K.  Each  subband  receiver  is  contained  in  an  independent  “cartridge”  that  can  be 
mounted  in  the  receiver  cryostat  without  disturbing  other  subbands.  This  cartridge 
contains  a complete  receiver  system  including  SIS  mixers,  LO  subsystem,  IF  amplifiers 
and  all  necessary  optical  components. 

The  remoteness  of  the  site  and  the  large  number  of  receivers  impose  additional 
requirements  to  the  receiver  design  such  as:  absence  of  moving  parts,  an  as  simple  as 
possible  layout,  low  cost,  and  the  possibility  of  series  production. 

In  this  paper  we  report  mixer  designs  based  on  standard  Nb/A10x/Nb  SIS  junction 
technology  in  waveguide  or  planar  antenna  geometries  and  a concept  of  an  optics  design 
for  ALMA  band  9 (602  - 720  GHz). 

OPTICAL  DESIGN 

The  ALMA  telescope  baseline  design  provides  a beam  with  an  f-ratio  of  f/8.  Our  goal  is 
to  design  a frequency-independent  optical  system  that  matches  the  telescope  beam  with  a 
mixer  feed  which  consists  of  a corrugated  horn  in  the  case  of  the  waveguide  mixer  or  an 
antenna/lens  combination  in  the  case  of  the  quasi-optical  mixer.  Additional  requirements 
are  low  RF  loss,  low  distortion  loss,  and  low  cross  polarization  loss.  The  latter  is 
especially  important  for  the  polarization  observations  that  are  planned  for  ALMA. 

We  propose  a configuration  for  the  signal  path  consisting  of  two  elliptical  mirror.  This 
creates  enough  flexibility  to  accommodate  mixer  feeds  with  f-ratios  from  173  to  f/10.  Two 
elliptical  mirrors  can  be  arranged  in  such  a way  that  distortions  introduced  by  them  are 
partially  compensated  [1],  The  proposed  mirror  arrangement  is  shown  in  fig  1. 
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The  focal  points  (fpl..fp4 ) of  the  ellipses  are  indicated  in  the  figure.  The  telescope 
secondary  focus  is  located  in  fpl  and  the  feed  at  fp4. 

The  coupling  loss  Ldist  between  the  reflected  beam  and  a symmetric  Gaussian  beam  in 
each  mirror  is  given  by  the  following  formula  [1]: 

_w,2tan2(al) 


udist 


8/, 


(1) 


where  w,  is  the  beam  radius  at  the  mirror,  fx  is  focal  length  of  the  mirror  and  al  is  the 
beam  bending  angle  as  indicated  in  fig.  1 . We  assume  that  the  second  mirror  compensates 
the  distortion  in  the  first  mirror.  Applying  equation  (1)  to  each  of  the  mirrors  and 
equating  the  result  in  the  geometrical  optics  limit,  one  can  obtain  the  following  relation 
between  the  bending  angles  of  the  ellipses  for  full  distortion  compensation: 


a2  = ArcTan 


(l  + Ml)-  tan(orl) 


1 + 


M2 


(2) 


R 2 


where  Ml  and  M2  are  the  magnifications  of  the  ellipses  given  by  Ml  = and 


= (parameters  are  indicated  in  fig.  1).  This  equation  can  also  be  derived  by 

means  of  minimizing  geometrical  aberrations.  In  the  600-720  GHz  band,  the  beam  radii 
become  significantly  different  from  the  ones  given  by  the  geometrical  optics  calculation 
and  equation  (2)  should  be  modified  to  incorporate  Gaussian  beam  formalism.  The 
bending  angle  relation  then  becomes  frequency  dependent.  However,  it  is  still  possible  to 
compensate  distortions  over  a limited  frequency  range.  Using  the  described  approach, 
equation  (2)  can  be  easily  extended  for  three  or  more  mirrors. 

The  cross  polarization  loss  is  twice  that  given  by  equation  (1)  [1]  and  it  can  be 
compensated.  Consequently,  the  approach  described  above  holds  for  cross-polarization 
loss  as  well. 

The  final  signal  path  layout  for  ALMA  band  9 is  shown  in  fig.  2. 


SINGLE-ENDED  WAVEGUIDE  MIXERS 


1 . Mixer  design 

The  single-ended  waveguide  mixers  have  been  shown  to  have  a quantum  limited 
sensitivity  [2],  [3],  In  the  past,  the  SRON  laboratory  in  Groningen  has  made  sensitive  SIS 
waveguide  mixers  for  the  540-700  GHz  frequency  range.  In  February  2000  two  of  these 
were  installed  at  the  James  Clerk  Maxwell  Telescope  (JCMT)  on  Mauna  Kea,  Hawaii. 
The  Double  Side  Band  (DSB)  receiver  noise  temperature  of  the  present  tunerless  mixers 
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is  below  200  K over  the  whole  band.  The  SSB  system  noise  temperature,  including  all 
optics  and  diplexers  of  the  W-band  receiver  at  JCMT  is  below  600  K over  the  630-700 
GHz  band. 

Three  mixers  were  made  in  total,  two  for  the  receiver  and  one  spare.  They  are  labeled  D5, 
D6  and  D7,  where  D7  is  the  spare  mixer.  We  describe  the  mixer  parameters  in  the 
following  paragraphs: 

The  mixer  consists  of  two  sections:  a front  part  including  the  corrugated  horn  and  Teflon 
lens,  and  a back  part  with  the  substrate  channel  and  IF  connection. 

The  corrugated  horn  was  designed  by  S.  Withington  of  MRAO,  Cambridge,  England.  It 
has  a semi-apex  angle  of  7.5  degrees  and  a length  of  19  mm,  corresponding  to  a waist  of 
1.15  mm  radius  located  halfway  the  horn  length  for  the  design  frequency  of  682  GHz. 
The  waveguide  has  a cross-section  of  100  x 400  pm.  The  lens  is  made  of  Teflon  and  has  a 
focal  length  of  32  mm  so  that  it  gives  good  coupling  between  the  hom  and  a 2.97  mm 
waist  located  86  mm  in  front  of  the  lens. 

In  the  back  part  of  the  mixer  the  cross-section  of  the  substrate  channel  is  70  x 100  pm  and 
the  backshort  cavity  is  160  pm  deep.  The  substrate  is  2.1  mm  long,  50  pm  thick  and 
70  pm  wide  and  it  contains  a Nb-based  SIS  tunnel  junction.  It  is  glued  in  the  channel  and 
we  use  silver  paint  for  the  ground  contact  on  one  end  as  well  as  for  the  IF  contact  at  the 
other  end.  For  the  IF  contact  we  use  a standard  50  Ohm  glass  bead. 

The  lens,  hom  and  back  part  are  contained  in  a mounting  bracket,  which  is  cooled  at  the 
top  via  a heat  strap.  The  IF  pin  of  the  mixer  fits  into  a standard  SMA  connector  which  is 
supported  by  a separate  mounting  bracket. 

For  the  magnet  we  use  a coil  of  about  6000  windings  of  63.5  micron  diameter  Cu-cladded 
Nb  wire.  For  the  core  of  the  magnet  and  for  the  field  line  conductors  we  use  VacoFlux  50, 
which  has  a maximum  permeability  of  9000  and  saturation  polarization  of  2.35  T. 

2.  Sensitivity 

The  Michelson  FTS  measurements  for  the  D-band  receiver  are  presented  in  fig.  4.  It 
shows  a relatively  flat  frequency  direct  response  over  the  560-700  GHz  band  for  all  three 
produced  D-band  mixers.  The  model  calculation  fit  is  shown  in  the  same  picture.  The 
model  includes  Mattis-Bardin  theory  [2]  for  losses  in  the  superconductor,  standard  lossy 
microstriplines  and  a waveguide  probe  approximation.  All  responses  in  fig.  4 are 
normalized.  This  model  produces  a remarkably  good  fit  to  the  experimental  data,  for  large 
variations  of  junction  area  or  backshort  cavity  depths. 

The  measured  noise  temperature  for  the  D-band  mixers  is  presented  in  fig.  5.  The 
measurements  were  done  using  standard  Y-factor  techniques.  The  center  IF  frequency 
was  4 GHz  as  required  for  the  JCMT.  The  best  noise  temperature  measured  under  these 
conditions  is  170  K at  660  GHz  (corrected  for  beamsplitter  loss).  The  main  source  of 
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noise  in  the  system  appeared  to  be  the  IF  amplifier  chain  which  at  the  time  of  the 
measurements  was  around  14  K.  This  can  be  demonstrated  by  a significant  improvement 
in  DSB  noise  temperature  that  we  have  obtained  with  a similar  single-ended  waveguide 
mixer  at  1.5  GHz  IF  frequency.  The  uncorrected  noise  temperature  for  this  mixer  is 
shown  in  fig.  6.  The  best  noise  temperature,  measured  at  645  GHz,  was  130  K.  All  noise 
temperatures  are  Callen  & Welton  corrected  [5]. 

The  receiver  DSB  noise  temperatures  of  around  350  K across  the  band  was  registered  at 
the  JCMT  using  the  fixed-tuned  D-band  mixers  described  above.  The  SSB  noise 
temperature  of  600  K was  measured  at  the  upper  part  of  the  band. 

SINGLE-ENDED  QU ASI-OPTIC AL  MIXERS 

The  planar  antenna  - silicon  elliptical  lens  combination  was  used  successfully  before  to 
produce  a usable  receiver  beam  [6],  [7],  [5],  [9].  A design  similar  to  the  one  described  in 
[9]  is  currently  being  implemented  and  tested.  The  design  layout  of  such  a mixer  is 
presented  in  fig  7. 

The  RF  signal  is  picked  up  from  the  double  slotline  antenna  by  means  of  stubs  and  then 
fed  through  microstripline  transformers  to  a twin  junction  circuit.  The  DC  and  IF  signals 
pass  through  the  choke  structure  to  the  edge  of  the  chip.  The  magnetic  field  required  for 
Josephson  current  suppression  is  applied  by  means  of  passing  a current  through  the 
wiring  electrode  just  above  the  junction  pair. 

The  FTS  measurements  of  two  quasi-optical  mixers  are  presented  in  fig.  8 (on  the  same 
relative  scale).  One  of  these  mixers  was  tuned  at  a somewhat  higher  frequency  because  of 
a smaller  junction  area.  The  considerable  loss  of  sensitivity  that  is  observed  can  be 
explained  by  increased  loss  in  the  Nb  tuning  structures  above  the  gap  frequency  of  Nb. 
The  mixer  with  the  optimal  junction  area  produces  a good  response  over  the  whole 
ALMA  band  9,  including  the  upper  edge. 

The  quasi-optical  mixers  have  certain  advantages  over  waveguide  mixers,  mainly  because 
of  the  smaller  number  of  critical  technological  steps  that  are  required  for  manufacturing, 
resulting  in  reduced  production  costs.  For  instance,  a lens  is  cheaper  than  a good 
corrugated  horn  at  these  frequencies.  Also,  a few  additional  features  like  integrated 
Josephson  current  suppression  can  easily  be  implemented  on-chip,  obviating  the  need  for 
an  external  superconducting  magnet  coil. 

BALANCED  MIXERS 

The  balanced  mixers  contain  two  individual  mixer  detectors  which  are  pumped  by  local 
oscillator  signals  having  a phase  difference  of  180°.  This  allows  combining  the  IF  signals 
in  a 180°  hybrid  circuit  so  that  the  total  signal  is  directed  to  one  output  port,  while  the  LO 
sideband  noise  is  directed  to  the  other  output  port  where  it  is  dissipated  in  a load  resistor. 
In  this  way  one  separates  the  local  oscillator  noise  from  the  signal.  This  feature  is 
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especially  important  when  using  solid  state  local  oscillators  with  a chain  of  multipliers, 
which  generate  a high  level  of  sideband  noise.  The  exact  amount  of  sideband  noise 
reduction  depends  on  the  accuracy  of  the  180°  phase  shift  and  on  the  amplitude  balance 
between  the  two  mixers  [10].  However,  it  was  shown  that  the  amplitude  and  phase 
balance  requirements  are  not  stringent  in  this  configuration.  An  additional  advantage  of 
balanced  mixers  is  that  all  of  the  LO  power  is  used  without  the  additional  complexity  of 
having  to  build  an  LO  diplexer. 

The  basic  property  of  a balanced  set  of  detectors  is  the  phase-difference  of  180°  between 
reflected  and  transmitted  waves.  This  can  simply  be  achieved  by  using  beamsplitters,  as 
explained  by  Waite  [11]  using  Stokes’  analysis  of  phase  change  on  reflection  at  a 
dielectric  surface.  Waite  shows  that  this  phase  difference  occurs  automatically, 
independent  of  wavelength,  polarization  and  angle  of  incidence,  but  that  it  is  only  exactly 
180°  for  beamsplitters  without  absorption  loss.  An  early  demonstration  of  balanced 
mixers  for  heterodyne  detection  at  a near  infrared  wavelength  of  3.39  micron,  or  a 
frequency  of  88.5  THz,  was  given  by  H.  van  de  Stadt  [12]. 

Instead  of  one  of  the  conventional  LO  coupling  schemes  for  balanced  mixers  (a  simple 
beamsplitter  or  a more  complicated  set-up  using  a Martin-Puplett  interferometer),  we 
present  here  schemes  with  all-waveguide  (Magic  Tee)  and  quasi-optical  balanced  mixers. 

1 . Magic-Tee  balanced  mixer 

The  proposed  magic  Tee  waveguide  balanced  mixer  layout  is  shown  in  fig.  9.  It  is  based 
on  D-band  mixer  layout,  described  in  previous  sections.  The  Magic  Tee  mixer  utilizes 
two  detector  backpieces  of  exactly  the  same  design  as  in  single-ended  mixer.  The  phase 
difference  in  LO  between  the  two  mixers  is  achieved  due  to  the  symmetry  of  fields  inside 
magic-T  that  automatically  makes  it  broadband.  In  addition,  the  smallest  size  of  elements 
in  such  a design  is  larger  than  in  branch-line  waveguide  hybrids  designed  for  the  same 
bandwidth,  thereby  simplifying  the  manufacturing  process. 

CONCLUSIONS 

The  distortion  compensated  optical  design  for  coupling  the  telescope  beam  into  the 
various  mixer  feeds  is  described.  The  single-ended  waveguide  mixer  operation  has  been 
successfully  demonstrated  at  the  James  Clerk  Maxwell  Telescope.  The  best  receiver  noise 
temperature  of  130  K (uncorrected  for  optical  loss  and  beamsplitter)  was  measured  at 
650  GHz  in  a similar  mixer. 

The  quasi-optical  mixer  design  which  works  in  600-720  GHz  band  is  described  and 
preliminary  evaluated.  Preliminary  results  show  that  Nb  technology  is  sufficient  to  cover 
the  desired  frequency  range. 

The  magic  Tee  balanced  mixer  is  proposed  for  this  band  and  its  layout,  based  on  reusing 
proven  design  concepts  from  the  single-ended  mixer,  is  described. 
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Fig.  1 Two  elliptical  mirrors  distortion 
compensating  arrangement 


j Frequency  - 600  GHz 

i Hand  600-720  GHz 

\ [ Edge  Taper  “ 12  dB 


\ 47. 

\ 


Figure  2:  Proposed  ALMA 
band  9 optical  layout 


Figure  3:  Exploded  view  of  an  SRON  fixed-tuned  waveguide  mixer  similar  to  the  one 
installed  at  JCMT. 
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400  500  600  700  800 

Frequency  (GHz) 


Figure  5:  Receiver  noise  temperatures 
measured  in  the  lab  and  at  the  JCMT. 


LO  Frequency  (GHz) 


Figure  4:  Measured  FTS  spectra  for  the 
three  JCMT  mixers  (D5,  D6,  D7)  and  a 
prediction  based  on  model  calculations 
(crossed  line). 


610  620  630  640  650  660  670  680  690  700  710 

LO  Frequency  (GHz) 

Figure  6:  Uncorrected  receiver  noise  Figure  7:  Chip  layout  of  the  quasi- 
temperature of  a fixed-tuned  waveguide  optical  SIS  mixer  for  the  600-720 

mixer  measured  at  4.2  K physical  GHz  ALMA  band  (not  to  scale), 

temperature  at  an  IF  frequency  of  1 .5  GHz.  The  SIS  junctions  are  in  the  middle 

of  the  strip,  and  the  double-slotline 
antenna  and  tuning  structures  are 
shown. 
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Figure  8:  FTS  response  of  two  quasi-optical  single-ended  mixers.  The  mixer  responses 
are  shown  in  the  same  scale.  The  higher  frequency  peaked  response  is  of  the  mixer  with 
smaller  junctions. 


Figure  9:  The  Magic-T  waveguide  balanced  mixer  configuration.  The  two  detector 
backpieces  are  not  shown. 
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